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ANATOMICAL AND OTHER STUDIES ON MAZZARD 
CHERRY SEEDLINGS HAVING EXCESSIVE ROOTS AT 
THE COLLAR REGION ' 

Hv E. A. SlKCIJvKR 2 

' PathnlogiHy Division of Fruit mid Vegetable Crops and Diseases, Hureau of Plant 
Industry, Agricultural Research Administration, Ihiited States Department of 
Agriculture 

INTRODUCTION 

Malforiiiatioiis characti'rized by an oxcessive nuirihor of roots at 
tho collar region of clicrry trees wen* observed in a nnrserv in 1929. 
Th(^ condition was notiMl on approxijnat(*ly 3 pt'rccnt of tlie trees that 
had been buddt*d on niazzard cherry (PmK us a man L.) seedlings. 
These tufts of roots (fig. 1, .1) on th<^ sc<‘dling part of the tree presented 
such an abnormal and unsightly appearanci* that tin* growiT discarded 
tin* tre(‘S. Although these malhmnations bore a sup(*rficial resem¬ 
blance to the hairy root dis<*as(* caused by PhyUmumas rhizngenes 
Riker et ah, coiiunon on aj)ple (,9)/ tlH*y wen* not typical of this 
disease, and routiiu* pathological studies failed to disclose a causal 
organism. 

S(*veral years lat(*r, <*xcessive roots just below the ground level 
W(‘re obs(*rved on a small p(*rc(*ntage of 1-year-old mazzard seedlings 
grown at Beltsvilh*, Mel. These tufts of roots (fig. 1, B and f7), in 
contrast with normal rooting (fig. 1, />), were obviously an early 
(‘Xpn'ssion of tin* ctmdition that had been observ(*d })reviously on 
the nurs(*ry tre<‘s. As the i)r(‘S(*nc<‘ of numerous root primordia in 
tin* young liypoeotyl obviously would account for the excessive-root 
malformations obs(*rv(‘d on the trees in tin* nursery, anatomical 
studies w(‘n' made on young mazzard cherry seedlitigs. Such studies 
arc of consid(*rable imj)ortance in supplying information for inter¬ 
preting growth res])(mses in plants (3). 

Among horticultural workers, Priestly and Swingle ((S’), in particular, 
hav(* emphasized tin* value of and the ne(*d for anatomical studies 
as a basis for explaining the vt^getativt* responses of certain plants 
pro])agated by root or sti'iu cuttings. Their d(*tailed studies and 
their extensive review of the liUu-ature on the role of adventive root 
and shoot primordia in v(*g(dative propagation provide* an excellent 
background for workers interested in studying the ontogeny of th(*sc 
organs. Information of practical value is accumulating as a result 
of anatomical analyses that have serveel to explain siudi responses as 
the rooting potentialities of etiolated shoots (7), reg(*n('ration in stem 
and root cuttings (^, 5 , 6*, J3)y and the dwarfing effect of certain root¬ 
stocks (1). On apple, anatomical studies have been made on the 
origin of root and shoot primordia in stem tissue {5, 14) and in roots, 
particularly on regeneration (12) and the initiation of primordia (W), 

» Rowived for publication May 22, 1942. . „ , ... 
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Figure 1. Root development on the collar region of mazzard cherry: A, Tufts 
of roots on a 1-year-old budded tree; B and C, excessive roots on 1-year-old 
seedlings; V, root development on a normal 1-year-old seedling; linear 
arrangement of primary roots on a 6-week-old seedling (slightly enlarged). 
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Anatomy of Cherry Seedlings Having Excessroe Roots 3 

The anatomical studies reported herein were inteiidcMl mainly to 
supplement the present infoimation on the origin and development 
of root primordia in fruit trees (4). An effort was made to identify 
early stages of root pi imordia and to note any synchronization of the 
initiation of primordia with the ontogenetical dev(‘lopment of the 
parent tissue 8), The limited pathological studies r(‘ported were 
made mainly to (‘liminate the suspicion that the hairy root organism 
may be a causal factor in the devedopment of these excessive I’oots. 

MATERIAL AND METHODS 

In the pathological studies, roiitim* methods in isolation and in 
inocAilation tests were used. Supplemental ohs(‘rvations W(‘Te also 
made on seedlings grown in steanu'd soil. 

For th(‘. anatomical studies, mazzard seeds were gc'rminated and 
th(*, se(‘dlings were grown in tin* greenhouse in order to observe the 
occAirreiici* of exct*ssive roots. Wh(*n the se(‘dlings had madt* shoot 
growth ranging from 8 to 15 cm., portions of the hypocotyl and root 
were kill(‘d in formalin-acetic-acid-al(*ohol solution. The matcTial 
was lat(‘r (^mb(*dd(‘d in parallin, sectioii(‘d, and staiiu'd in the usual 
histological routiin*, except that butyl alcohol was fr(‘([U(*ntly used 
in th(‘ killing as well as in the deliydrating serit*s. 

OBSERVATIONS AND RESULTS 
PATHOLOGICAL EXPERIMENTS 

The r(‘sults of the liniitt'd pathological i‘xp(‘riments and observa¬ 
tions art* summariz(‘d bri(*(ly. The malformations (fig. I, A) not 
only an* atypical of tin* hairy root disease, but also th(*y occur in 
districts wln'n* tin* hairy root organism is not commonly found. The 
gein*i*al aspect of tln*se ex(‘(*ssive root formations more closely re- 
sembl(*s the genetic condition known as noninfectious hairy root 
on aj)plc {!]), but then* is no evidence that the condition on (*herry 
is gcaietic. 

Attempts to isolate* the hairy root organism from aift'cted tiT.es 
over a 5-y(*ar p(*riod were* unsucc(*ssful except in one instance, which 
was (M)nsiderecl fortuitous because of previous experienci* with this 
organism as a surface contaminant (9), Inoculations with the hairy 
root organism into tin* collar r(*gions of 2-month-old mazzard clierry 
seedlings growing in ])reviously steamed soil, lu)wev(*r, resulted in 
infection on 13 of the 15 seedlings that were inoculated; the 10 punc¬ 
tured, noninoculated seedlings remainc'd normal. The symptoms on 
these infected seedlings were tvpical of tlie early stag(*s of hairy root 
on apple and were characterized by dense aggn^pitions of root ‘Mviujbs'’; 
the organism was reisolated. Although this evid(‘nce establislies 
mazzard cherry as a host for the hairy root organism, it also indicati^s 
that tlie type of malformation under consideration in this paper is not 
tlio result of infection by this organism. Because the possibility that 
the condition is the result of infection by a bact(Tium or a fungus 
appeared so remote, subs<jquent attention was confined to morpho¬ 
logical and anatomical features as a suppl(*ment to previous studies 
on the origin of adventive primordia (10), 
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MORPHOLOGICAL AND ANATOMICAL FBiATlTRES 
Vascular Arrancement 

Tlic hypocotyl of mazzard cherry seodliiifi^s seldom exceeds 7 cm. 
ill length; under conditions favorable for extc'iision, the maximum 
observed length was 9.5 cm. Under greenhouse conditions favorabh^ 
for vigorous growth, some of the young seedlings exliibited a longi¬ 
tudinal splitting in the cortex of the hypocotyl (fig. ], E). Lateral 
roots also frequently made their appearanc,(‘ normally in vertical 
rows on the hypocotyl. This linear arrangement/ of course indicates 
a morphological ri'lation of these roots to the xylem in the hypocotyl 
(5, /^). As expected, adventive root jirimordia weri' found in such 
seedlings in sufficient numbers to account for the massc's of roots that 
sometim(‘s occur on older nursery trees (fig. 1, A) and on 1-year-old 
seedlings lined out for budding (fig. 1, B and (J), 

The illustrations in figure 2 are transverse sections of a seedling 
showing the vascular arrangement at diffcTcnl zones in the root and 
hypocotyl of a seedling beginning secondary growth. Tin' relative 
size of the vascular cylinder conforms with the gross appt'arance of 
seedlings, which at this stage generally are considc'rably tuilargi'd at 
the base of the hypocotyl. 

In the root (fig. 2, A), the xylem cylinder is established and the 
epidermal cells are collapsing, preliminary to tlu' disintegration of 
the cortex. 

At the base of the hypocotyl (fig. 2, B), the xylem cylindi'i* is inter¬ 
rupted by four gaps, resulting in four ar(‘S of xyh'in. Succ('ssive 
sections up the hypocotyl show a progressive tendency toward forking 
into two si^parate strands att/he center of (‘ach ])rimary xylem group. 
At the zone shown, tangc'iitial divisions in tin' layer of cc'lls of the 
pericycle inside the ('iidodermis indicate tin* initiation of the phellogen. 
The zone 7 mm. farther up the hypocotyl (fig. 2, (■) is characterized 
by a definite gap in the center of each arc of xyh'.m. At this level 
gaps in the procambium strands from the stem apical mt'risti'in occur 
over the four primary xylem regions. Proc.ambium activity between 
the four “pained’’ xylem strands results i?i xylem diffenjntiation, 
which serves to unite one strand from each of tln^ “paireir^ xylem 
strands with the adjacent strand of tin' next pair. This general typi^ 
of orientation in the transition zone corresiionds with “type A'’ of 
Eames and MacDnnic'ls (5). At this stage the outline of tlie xylem 
is roughly in the form of a square. Tln^ four-sidc'd appearance is ac¬ 
centuated by the pr(rsence of thick-walled parenchyma in tangential 
lines over the cambium. Tlu'se thick-walled parein'Jiyma cells pos¬ 
sibly serve as protective tissue previous to the difterentiation of 
four arcs of filn.'rs, which at a slightly lat('r stage (fig. 3) form a cap 
over the phloem elements. 


Figure 2.--Transection showing vascular arrangement at dilTerent levels in a 
young seedling beginning secondary growth: A, Root tissue just below base 
of hypocotyl; f?, tissue at the base of the hypocotyl, 1.1 mm. above A; C, tissue 
in a zone 7 mm. farther up the hypocotyl. All X 80. c, cpid(?rmis; en, endoder- 
mis; pf pericycle; par, thick-walled parenchyma; r, lateral root priniordium; 
xpi, region of primary xylem. 
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Lateral Roots 

The origin and development of lateral roots are described because 
some such roots are undoubtedly intermingled with adventivc roots 
in the tufts of roots undeT discussion* 

Lateral roots develop in the peric^rcle over the general region of the 
primary xylem at the root-stem j unction (fig. 2, B) and in the hypocotyl 
(fig* 3). As a result, these roots appear in vertical rows. The 
primordia shown in figure 4, A and B, arc developing at the base of 
the hypocotyl. At tlus comparatively advanced stage many cells in 
this meristcmatic area have large deep-stained nuclei. Activity of 
this type occurs over a comparatively large area (fig. 4, A) even 
including the enveloping (^ndodermis. The meristematic endodermis 
persists as an enveloping layer in at least considerably later stages 
than that shown in figure 4, B. 

Wlien conditions of growth are such that the individual strands in 
each of the/^paired” xylem strands arc widely separated, lateral roots 



Figure 3.—Transection of a hypocotyl at a zone about 3.5 cm. above the base, 
at an early stage in secondary growth* The relation of the two lateral roots 
to the *'paired^ primary xylem strands (xyi) is shown. An adventive primor- 
dium (indicated by arrow) lies beneath one of the four groups of fibers (/) 
(see fig. 8, A). Slight suberization in the layer of pericycie cells beneath the 
endodermis (en) is indicated at s, X 80. 
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may originate in pericyclc tissue in a median position between the two 
protoxylem regions (fig. 4, C). The point of origin of this lateral 
root with reference to the xylem strands, which are alined tangimtially 
at this level, indicates that the inherent potentiality of the pericycle 
cells over and betwenm these protoxylem regions is an important 
factor ill determining the initiation of primordia. 

Adventivk Root Primoudia 

At an early stage in secondary growth of the root, near the base of 
the hypocotyl adventive primordia are formed from a small group of 
cells in the cambium-phloem region slightly to one side of the proto¬ 
xylem (fig. 5). No effort was made to d(‘termine whether or not pri- 








riouRE 4 .—A and /?, Transections of lateral-root primordia at a zone near the 
base of the hypocotyl: A, Stage in which cell activity is evident over a compar¬ 
atively large area, X 350; B, later stage characterized by rapid cell division 
with comparatively little cell enlargement, X 175. en, endoderniis; ar^/i, jirimary 
xylem region. C,* Transection at the base of a hypocotyl showing position of 
origin of a lateral root with reference to the protoxylem regions (pxyO of the 
tangentially arranged primary xylem strands, X 90. 
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mordia developed in the root hi oilier regions at either this or later 
stages. 

In the hypocotyl adventive primordia are initiated in early stages 
of secondary growth and continue to be formed, with less iTcijnency, 
however, in relatively late stages of secondaiy growth. At the early 
stages of secondary growth these primordia were observed (1) in the 
general region over the ^'paired'’ strands of firhnary xyleni and (2) in 
the cambium-secondary-phloem region beneath the groups of fibers. 

Progressive stages in the development of the primordia that origi¬ 
nate in the general region over the ‘'paired'’ primary xvlem st rands are 
shown in transverse sections m figure 6, A-E, and in longitudinal sec¬ 
tions in figure 7, A D. This region is charac^terized by a narrow^ zone 
of thin-walled meristeniatic (‘ells that are presumably nonditferen- 
tiated derivatives of the pericycle. A (‘.ambium freipiently develops 
in this region, but it docs so comparatively late and after a consider¬ 
able amount of xylem and phloem ehanents have been differentiated in 
each of the (luadrants between the four ^‘paired’' primary xylem 
strands. Adventive primordia are initiated soon after the beginning 
of cambium activity in this region. The initiating cells are tliin- 
walled and contain prominent nuclei, and most of them appear to be 
recent cambium derivatives. Grow th and further dev(4opment of the 
primordium up to the stage shown in figure 6, E, are largely the result 
of additions from the cambium, as (!an be observed in figure 6, C and I). 



Figure *5. —Transection of a root immediately below the liypocotyl, showing 
early stages of adventive primordia (indicated by arrows) and their position 
relative to the primary xylem X 450. 

A protective covering over the meristem is formed as a result of 
divisions in the phellogen, which has develoi>ed in the pericycle layer 
of c.ells beneath the endodermis (figs. 6, A-D] 7, (7 and D). In the 
areas over the young primordia the cell walls of these pericycle deriva- 
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tives are thick and lieavily stained. In this (^onntH*Uon it is of interest 
to note that there is a tendency toward snherization in the outer layer 
of the pericycle over the primary xylein areas (fij*;. 3) at an early stage 
when the ])ei‘icycle over the four anrs of fibers is still active in difl’eren- 
liatiTig the pericycle fibers. 




f§M0 
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Figure 7, —For explanatory legend, see opposite page. 
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At the beginning of secjoiubiry growth, prirnordia are also initiated 
under these groups of fibers, as shown (by arrow) in figure 8, A, which 
is part of figure 3 enlarged, and in figure 8, B. A close series sliowing 
the progressive development of these prirnordia is shown in figure 8, 
C~G, Although the position of the large nucleated cell and the })res- 
ence of the two nuclei in the cambium region beneath it suggest that 
the single larger nucleated cell shown in figure 8, C, marks tlie initial 
stage of a primordiurn, positive identification is probably not war¬ 
ranted. Jn general, it< is evident that most of these prirnordia are 
initiated in the cambium region from direct cambium derivatives. In 
only rare instances were there indications that the prirnordia originated 
from partially matured cells in the phloem (fig. 8, D). That the pri- 
mordium may actually be ^Meep-seated” with respect to the present 
line of the cambium, because of intense meristematic activity wdth 
but little (ioll-wall delineation, is showm in figure 8, B. 

With increasing vascular differentiation, activity becomes pro¬ 
nounced in th(^ phellogeu ovov the (‘iitire periphery. Relatively few 
prirnordia are formc'd aftiu* secondaiy growdh has progressed much 
})e 3 "ond the siag(^ shown in figure* 9, Ay in wdiich periderm is ieing 
formed. Thosi^ prirnordia, that develoj) comparatively late originate 
in or near tlu* iihloem ray iiarencliyma and ari* usualiy initiated as a 
result, of activity in a comparatively large group of cells (fig. 9, A, /?, 
and Cy b). Such cells lie in IIk*. general radial planes that ])ass through 
the primary xylem regions, in which planes lateral (fig. 0 , Cj a) and 
adventive roots (fig. 9, C, c) may have ju’eviously developed. 

DISCUSSION AND CONCLUSIONS 

The tyix*, of malformation discussed herein difl‘(Ts from that of 
infectious hairy root on ajiple and other hosts, in that these root 
formations occur over a g(‘neral and iud(‘finite region as compared 
with the more compact and localized masses of root- prirnordia or of 
roots resulting from inf(‘ction by the hairy root organism (.9). Further 
study would be required to determine whether genetic or en vironnnaital 
factors are involved; limited observations indicate, how^ever, that 
conditions favoring vigorous gimvth frequently may result in numer¬ 
ous roots on the hypocotyl of young seedlings. In the absence of 
information to the contrary, it is assumed that the economic losses 
due to discarding affected trees arc relatively minor. The evidence, 
however, that the malformations described herein are nonpathogi'iiic 
should aid nurserymen and inspectoi-s in grading cherry trei'S. 

In the anatomical studies an attempt was made to show the plan or 
pattern along which the hypocotyl develops as a result of activity of 
specialized tissue. Thus, four pairs of procambium strands in the 
uppi^r levels of the transition zone become broadened t-angemtially in 
the older tissue at lower levels. At the basi*, of the hypocotyl and in 
the adjacent root tissue the procambium forms an almost continuous 
sheath. The differetitiation of the procambium into primary xylem 


Fiqurk 7. —Radial sections of hypocotyls in vertical planes i)assing through the 
general region of the “paired'^ primary xylem strands, showing origin and 
development of adventive prirnordia. Phellogon activity is evident beneath 
the endodermis (en), and siiberizatioii of the cells forming a protective covering 
is pronounced. The arrow in D indicates remnants of cell walls of the col¬ 
lapsed endodermis. A, X 650; B, X 350; C, X 250; D, X 150. 
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Figurk 8,—Transecfions of hypocotylw showing (A and B) the adventlve pri- 
mordia that are initiated beneath the fibers (/) and (C-G) progressive stages in 
the development of such primordia. A, X 125; B, X 350; C-G, X 650. 
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Figure 9. —Si'cUons of hypocotyls showing: origin of adycniiv'o priinordia in 
relatively lat(‘ stages of secoiuiarv growth: .4, Transection, >v 350; li, radial 
section, X 350; C, radial s:*etion‘, X 50. a, lateral root; b and c, adventive 
prirnordia. 
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elements therefore results in four broad arcs of xylcm muir the base 
of the hypocotyl, while nearer the u})per level of the transition zone 
definite radial gaps are present in each pair of primaiy xylem strands. 
These ^^paired’’ primary xylem strands sometimes api)ear as widely 
separated entiti(*s (fig. 4, (7), but. more frequently the metaxvlem 
elements of each of the ^'paired’^ strands tend to form a tangential lino 
with the metaxylcm elements of one strand from the adjacent ^'paired'' 
strands. No attempt was made, to determine an average for the length 
of the transition zone. 

The vertical radial plane passing through the central regions of tln^ 
broad primary xylem strands in the roots passes through the central 
region between each pair of primary xylem strands in tin', hypocotyl. 
Lateral root prirnordia are developed in the pericyclc tissue in this 
plane. This area between and over the protoxylem strands is occupied 
by a meristem of pericycle which persists for a relatively long tinu^; in 
other areas at the same level cambium and fibers have been differ- 
ciitiated. It can be reasoiu'd that the inherent potentialities of tlu'se 
cells in which root prirnordia have their genesis ai*e at least, as im¬ 
portant as the position of these cells in the oi'ganism. 

At an early stage in secondary growth (fig. 3) the pericycle fibers 
arc rapidly maturing. The bulge in the endodermis over each grou]> 
of fibers presmnably is the result of activity of pericyclc cells in these 
regions; th(‘. pericycle cells over the four “pairecr^ primary xylem 
strands remain as undifferentiated and comparatively inactive 
mcristematic tissue. At this stage, no indication of a phellogen ap¬ 
pears, but at a lower level, immediately below the root-stem junction, 
a phellogen is established by tangential divisions in the layer of cells 
of the pericycle underlying the endodermis very early in secondary 
growth. As is commonly observed, this makes for relatively early 
periderm formation and disintegration of the cortex in the root. 

At the Ix^ginning of secondary growth adventive i)rimordia are 
developed in meristematic tissue from cells that, like the pericycle cells 
over the primary xylem region, are relatively the least stabilized in 
difT(‘rentiating other specialized tissue. Those prirnordia developing 
beneath the fibers are initiated in a cambium region from which 
relatively few xylem elements have been cut off; those prirnordia 
that develop in the strips of pericycle ovtT the ^^paired'^ primary 
xylem regions are also initiated near or in a cambium region which has 
but recently b(‘en formed and in which ray parenchyma is common. 

Relatively few prirnordia were formed in hitc^r stages of secondary 
growth after the periderm had become definitely established (fig. 9, C). 
These prirnordia were confined to a region in the broad pldoem rays 
opposite the primary xylem region—a location in which numerous 
lateral and adventive roots occur earlier in the ontogeny of the hyjio- 
cotyl. Relatively large numbers of partially matured cells appear to be 
involved in the initial stages of these prirnordia. These cells, howevir, 
are genetically related to a cambium, which is differentiating ray 
parenchyma only. 

In almost all cases observed, the outermost cells of all the prirnordia 
abut on cells with thickened walls. Possibly such cells function as a 
mechanical barrier that prevents the loss of essential materials as has 
been suggested for the role of the endodiirmis (7); they may also serve 
to initiate meristematic activity as a result of pressure on the under¬ 
lying meristematic cells. The slight tendency for suberization of 
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poricyc.le colls over thv priinary xylem rcf^ions indicates at least 
lliat cdl-wall tliickcnin^ pr(‘(*(*(l(‘s the initiation of priniorida, but it is 
rec,ogniz(*d that i)rcssure cx(U*te(l by the t»:rowing meristein of the 
primordia might also produce tlu’s same dfect. 

SUMMARY 

Pathological and anatomical studies were made to determine the 
nature of malformations characterized by an excessive numbcT of 
roots on the mazzard cherry seedling rootstocks just bdow the ground 
lin(\ In (‘xtreme c.as(‘s lh(‘se tufts of roots cause malformations so 
])ronounced as t(J result in the discarding of the affected trees. 

Although th(*se root formations bear a slight rc'scanblance to the 
hairy root diseasi* of ai)])le, (‘aused by Phytornonas iliizogenes Hiker el 
ah, routine ])ath()logical studies have fail(‘d to disclose a causal or¬ 
ganism. Inoculations on young mazzard si'cdlings with the hairy 
root organism result(‘d in infections tliat were typical of the hairy root 
diseas(‘ but atypical of the root formations herein reported. 

The anatomical studies ([(‘inonstrated th(‘ pr(*s(‘nc(‘ of root priniordia 
in the hypocotyl of young seedlings in suffi(‘ient numlxTs to account for 
the gross app(‘aranc(‘, observ<‘d later, on nursery trees. Th(‘ fact that 
many of th(‘se primordia bear such a d(Tinit(‘ mor])hol()gical relation¬ 
ship to the panuit tissue indicat(*s that thdr presence is a normal 
oc(iurr(‘nce in many scaallings. 

Adventiv(‘ ]jrimordia are* formed in the hypocotyl most frequently 
at the beginning of or in the* early stages of secondary growth. At this 
time they b(‘Come differentiat<*d (1) of)f)osite the g(‘neral regions of the 
primary xylem strands as a result of activity in a group of cells most of 
which appear to be cambium derivative's anel (2) in the^ cambium 
re'gion beneath the* fibers as a re'sult of activity of a small group of 
e*e‘Ils that are ve*ry recc'iit cambium ele*rivativ(*s. 

In lateu’ stages of sece)nelary growth, aelventive primordia arc 
usually confine*d te) the broad [)hloe*m rays e)pposite the primary xylem 
re*gie)ns. The*y are* eliffe‘re*niiateHl as a re^sult e)f activity e)f a com])ara- 
tiv(*ly large* number of ])arenchyma cells. 

The* mor[)lmge*netic r(*latie)n of the initiating cell or group e)f e*,edls 
as we*ll as the* e*nvironme*nt in which the*se ce*lls elcve'lop has beem 
briefly considereel. This re'lation may be* a factor in iidlue'iicing the 
production of priniordia. In general, aelventive primordia are ini- 
tiatoel in derivatives from those? regions of the e*ambium that may be 
corisidere*d the le*ast stabilized in produe*ing xylem and phloem 
(‘lements. 
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EFFECTIVENESS AGAINST THE CALIFORNIA RED SCALE 
OF CUBE RESINS AND NICOTINE IN PETROLEUM 
SPRAY OIL ‘ 


By A. W. Chessman 

Associate entomologist, Division of Fruit Insect Investigations, Bureau of Entomology 
and Plant Quarantine, Agricultural Research Administration, United States De¬ 
partment of Agriculture 


INTRODUCTION 

The increasing diflSculty of controlling the California red scale 
{Aonidiella aurantii (Mask,)) with hydrocyanic acid gas in parts of 
the citnis-producing area of California has brought about a serious 
problem in insecd control (9)} Although oil emulsions arc widely 
used in spraying citrus trees, it is difficult to secure a satisfactory kill 
of the scales on older wood with concentrations that are safe for the 
tret'S {4, B), particularly in heavy infestations. 

In an effort to improve control practices, materials that might be 
expected to confer added toxicity to the sprays have been incorpo¬ 
rated with the oils. Combinations of this kind have been employed 
in combating a number of other insects. Nicotine has been exten- 
siv(‘ly used with oil^ K^gy »i^nd Richardson (7) showed that solutions 
of dinitro-o cyclobexylphenol in oil were toxic to the San Jose scale 
(Aspidiotm perniciosus Cornst.), L. H. Dawsey and the writer,* in 
worlv with mealybugs and th(‘ Florida nnl scale (Chn/fumiphalus 
aonidum (L.)) at New Orh'ans, La., found that the effectiveness of oil 
sprays was enhanced by the addition of rotenone, nictotine, or pyre- 
thrum. Iii further work at Wooster, Ohio, with tlie Mexican mealy¬ 
bug (PhenacocctLS gossypii Towns, and (^kll.) and the willow scurfy 
scale {Chionaspifi ^(Uicis-nigrae Walsh), tluw showed that the addition 
of nicotine and rotenone increased the effectiveness of oil sprays. 
Although Smith {10) was unsuccessful in atterni)ts to increase the 
toxicity of spray oils to the California red scale by the addition of 
various organic compounds, La Due {8) has n^ported that the addi¬ 
tion of derris resins to oil with intermediary solvents gives increased 
toxicity to several scale insects of citrus. 

The experiments reported herein include field tests of nicotine 
and cube resins with petroleum oil applied to the California red 
scale on lemon trees. Tln^ primary objectives were to determine 
whether the effectiveness of oil sprays could be improved by the 
addition of these two toxicants and, having demonstrated that 
point, to compare their relat ive effectiveness at selected concentrations. 
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MATERIALS AND METHODS 


All sprays contained a heavy mineral oil having the following 
specifications: 


Saybolt viscosity at 100° F__ 85 seconds. 

Unsulfonatable residue- -- 94.6 percent. 

Specific gravity.- ---. 0.858, 

Percent distilling at 636° F_5 percent. 

Volatility (24 hours at 100° F.)---- 1.2 percent. 


The cube resins contained 22.3 percent of rotenone and were com¬ 
pletely soluble in carbon tetrachloride. Because of their limited 
solubility in petroleum oil, they were first dissolved in an inter¬ 
mediate solvent consisting of 1 part (by volume) of trichloroethylene 
and 2 parts of dibutyl phthalate. Ten parts of this solution were 
added to 90 parts of petroleum oil before emulsification, after which 
the resins were present partly in solution and partly in suspension 
in the oil. 

Nicotine from a lot containing 95 percent of free base was used 
for the sprays containing this toxicant and was added to the spray 
mixture at the time of filling the tank. 

To make the oil phase identical in all tests, the trichloroethylene- 
dibutyl phthalate mixture was always included in the oil phase, 
and aU oil concentrations mentioned hereafter include 10 percent 
of this intermediate solvent. For example, a spray, with or without 
toxicant, that is said to contain 1 percent of oil included 0.9 percent 
of petroleum oil and 0.1 percent of the solvent mixture. Stock 
emulsions were prepared the day before spraying by agitating equal 
volumes of oil and an aqueous solution of ground bone glue with a 
motor stirrer for 20 minutes. 

Spray applications were made with a small power sprayer, oper¬ 
ated at 300 pounds’ pressure, with a spray gun having a disk opening 
3/32 inch in diameter. Trees were first sprayed from the inside and 
then circled on the outside from the ground. Tops of the trees were 
sprayed from a tower. 

Oil deposits were determined according to the method described 
by Dawsey and Hilcy {3) with the modification that the final drying 
was made at 55° C. while a slow stream of air was forced into the 
flasks. Each sample consisted of 80 or 100 disks 1.5 cm. in diame¬ 
ter, 4 from each of 20 or 25 leaves from a single tree. One or more 
samples were taken from each tree. 

One series of tests was made in April and two series were made 
in October 1938. The experiments were conducted in an area near 
Whittier where the scale is considered to be resistant to fumigation {9). 

The effectiveness of the sprays was determined by mortality 
counts of females in the late gray adult and older stages.® There 
were some survivors in the younger scales, an unknown proportion 
of which had advanced to the late gray or older stage when counted 
and which were included among the survivors; the young scales 


7 applied to certain visible chan^ in the developmental 


periods ol the California red scale. The early first sta^ desigoates the Insects of both sexes from the time 
they eiherge as crawlers ontil about midway In this stage when the body was become flattened and attached 
to the scale covering in preparation for molting, Beales In the remainder of the first stage, until this molt 
has heen completed* are designated as in the first molt. In a similar way female scales in the second stage 
may be considered as in tbe e^y second stage and in the second molt* but in the case of the males this entire 
p^d is called the second stage. The males were not included in those tests. Female scales are called gray 
idultsirom the end of the second molt until fertilisation takes place* and mature females following fertlTisa* 
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that had been killed were excluded. This method may have led to 
a low estimate of the mortality, but it would not change the order 
of ranking of the treatments. 

Ebeling (6*) has shown that the immature stages of the red scale 
are more susceptible to oils than are the mature females, a finding 
that is in agreement with this writer’s observations. Consequently it 
may be accepted that survival in the younger stages was considerably 
less than in the older stages examined in these experiments. The 
counts were purposely restricted to the more resistant stages. 

Insects which had been attacked by parasites or predators, or 
which showed by their appearance that th(*y were dead before the 
sprays were applied, were not included in the counts. They were 
listed separately, however, in counts of scales on the leaves and fruit 
for inclusion in estimates of population density. For the population- 
density determinations following the April applications the scales 
in tin', second molt and in the early gray stages were also included 
after adjustment for the smaller unit area covered by these stages. 

In October the younger stages were less numerous on the fruit 
and leaves and were d isregarded. The results for each leaf were recorded 
separately, and population density w'as expressed as niunbcr of scales 
per leaf. Fruits were marked off into quarters with ink lines, and 
the scales on each quarter lemon were recorded. The two axes of 
each lemon were measured, and an approximation of the area was 
obtained from tlie formula for the area of a prolate spheroid. Popula¬ 
tion density on th(‘ fruit was then expressed as number of scales per 
square centimeter. 

Branches were divided into green wood and gray wood, the green 
wood being younger growth with a smoother surface. The wood was 
classified as lightly infested, heavily infested, or encrusted, according 
to whether less than one-fourth, one-fourth to three-fourths, or more 
than three-fourths of the surface was covered with scales. Encrusted 
green wood was not included in the mortality counts because of its scar¬ 
city. Wood in which there was consideralde piling up of scales one 
over another was not examined. 

EXPERIMENTS WITH SPRAYS CONTAINING 1 PERCENT OF OIL 

Sprays containing 1 percent of oil were applied to infested lemon 
trees on April 21. One treatment consisted of oil alone, another of oil 
plus nicotine at the rate of 1 part of nicotine (100 percent) to 2,000 
parts of dilute spray, and a third of oil plus cube resins at the rate of 

1 part to 5,000 parts of dilute spray. The experimental trees were in 

2 rows of 15 lemon trees each along the edge of a grove;4 trees were 
treated with each material. 

Since there were not sufficient scales on the leaves to give a reliable 
estimate of spray effects, mortality counts were limited to fruit and 
wood. The scales dead just before spraying, exclusive of those cate¬ 
gories previously described—that is, insects attacked by parasites or 
predators or showing by their appearance that they were dead before 
the sprays were put on—averaged 1.9 percent on the fruit, 3.4 percent 
on green wood, and 5 percent on gray wood. There was no difference 
between lightly and heavily infested material. Natural mortality was 
not taken into account in determining spray effects on the fruit, but 
because of the low kill in heavy infestation on the gray wood, a correc¬ 
tion for natural mortality was applied to the counts on wood. 
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Oil deposits were determined on samples consisting of 4 disks from 
each of 20 leaves per tree. Seven samples from each of the first two 
treatments were analyzed, 2 samples from 3 trees and 1 sample from 
the fourth tree; and 5 samples were taken from the oil-cube treatment. 
The average deposits are shown in tables 1. The difference between 
the deposits from the oil-cube treatment and those from the other two 
treatments was small but was on the borderline of significance {P was 
about 0.05). 


Table 1. —Oil deposits and average mortality of California red scales on lemon fruits 
from sprays containing I percent of oil and the same concentration of oil plus 
nicotine or cube resins: sprays applied April 21, 1938 


Treatment 

1 

Oil deposit per 
square oenti- 
meter ] 

Scales 

counted 

Scales 

dead 

Oil.. ... . 

MkromUlUUm 
47 \ 

Numim 

1,547 

1,160 

1,200 

Percent 

61.3 

Oil plus nicotine-.... .... 

48 

90.4 

Oil plus cube resins..-...! 

56 I 

93.0 


There were few heavily infested fruits on these trees, and the insect 
counts were restricted to lemons having less than four scales per 
square centimeter of surface. The average mortality following the 
different treatments is shown in table 1. 

A marked increase in the scale mortality on the fruits resulted from 
the addition of either nicotine or cube resins. Mortality in the 
trees sprayed with oil plus cube was only slightly higher than in th(^ 
trees sprayed with oil plus nicotine. 

Since it soon became evident that there had been no appreciable 
mortality among the females on the encrusted gray wood, counts 
were limited to the light and heavy infestations on gret?n and gray 
wood. In most cases scales in each class of infestation on two to three 
twigs from each of the four trees were examined.® The results art' 
summarized in table 2. 


Table 2. —Mortality of California red scales on lemon wood sprayed with a 1-percent 
oil spray and with an oil spray of the same concentration plus nicotine, or cube 
resins, April 21, 1938 


Class of infestation 

. , . . 

Oil 

Oil plus nicotine 

Oil plus cube resins 

Average • 
mortality 

Total 

scales 

1 

Mortality 

Total ! 
s(»les 1 

Mortality 

Total 

scales 

Mortality 

i 

On green wood; 

Light... 

Number 

Ow 

471 1 

708 

1,189 

Percent 

43.4 

15.4 

27.0 

12.8 

Number 

558 

302 

! 545 

1,061 

Percent 

47.8 

36.3 

38.0 

25.1 

Number 

666 

814 

464 

963 

Percent 

80.1 

57.8 1 

62.6 

43.9 

Percent 

67.1 

36.5 

42.6 
27.3 

Heavy.. 

On gray wood: 

Light.... 

Heavy. 

Average *. 


24.7 


i 36.8 


61.1 








1 Daoh percentage has been given equal weight in estimating the average mortality. The number of scales 
examined in each class was not proportional to the population. 


• A statistical examination of data from another experiment showed that this number of twigs was suf¬ 
ficient to give aroliable estimate of the mortality when there was considerable survival of scales in all classes 
of infestauon. When the mortality was very high, so that comparisons were based largely on the heavily 
infhsted gray wood, a larger number of twigs should be examined. Little accuracy was gained by increas¬ 
ing the number of scales oqunted in each class from 60 to 100 per twig when the number of twigs examined 
remained tmehanged. It is probable that variations in the quantity of oil deposited or in the behavior 
of the oil film alter spraying, due to unevenness of ooverage or difierenoes in the nature and texture of the 
' hathi became more important than variations in susceptibulty of the individual scales. 
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The data show tlie importance of the natural factors that affect 
control with toxicants in oils as well as the relative effi(‘iency of the 
different treatments. These and other results leave no question 
about a differential response of the scale depending on the type of 
wood and the heaviness of the infestation. It seems probable that 
the gray wood absoi'bs more oil than the smoother green wood, and 
that consequently l(‘-ss oil reaches the insects on the older wood. 
The effect of density of infestation has been more accurately evalu¬ 
ated, and its probable causes have been discussed in publications 
dealing with other diaspine scales (i, 2). The evidence therein indi¬ 
cated that population density also reduced the amount of oil acting 
upon the individual scales. 

The addition of either nicotine or cube resins caused a significant 
increase in the mortality of scales on lemon wood, the effect of cube 
being especially marked. 

None of these treatnumts caused any visible injury to the trees. 

EXPERIMENTS WITH SPRAYS CONTAINING 2 AND 1.5 PERCENT 

OF OIL 

In the next experiments, with sprays applied October 4, 1938, all 
concentrations were increased in an effort to di'termine whether 
commercial control of a heavy infestation of scale could be obtained 
by a single treatment, as well as to compare the efficiency of nicotine 
and cube resins when used with a higher percentage of oil. The oil 
concentration was increased to 2 percent, nicotine to 1 part in 1,500, 
and cube resins to 1 part in 4,000 parts of spray. The experimental 
trees were in the southwest corner of a lemon grove heavily infested 
with scales. Each treatment was applied to four trees. 

Sprays were applied in another grove on October 20. While the 
general objectives Avere different from those in the other experiments 
described in this report, the same oil with and without (uibe resins 
was applied in two treatments, and these tests comparable to 
the tests made October 4. Both sprays contained 1.5 percent of 
oil, and cube resins were added at the rate of 1 part to 4,000 parts of 
spray. 

The natural mortality in the first grove averaged 0.8 percent on 
the fruit and 3 percent on the wood and in the second grove was 
about 5 percent on all parts of the trees. No corrections for natural 
mortality have been made in rating the different sprays. 

Oil deposits were determined on samples of 4 disks taken from 
each of 25 leaves from each tree. Duplicate samples were taken from 
5 of the 12 trees sprayed October 4 and from 6 of the 8 trees sprayed 
October 20. The average oil deposits are shown in table 3. The 
differences in the deposits were generally larger between trees than 
between duplicate samples from the same trees. Real differences in 
the average oil deposits on the trees withui a plot were therefore 
indicated, althouglx they were not such that any correlation betw^een 
oil deposits and mortality within a given treatment could be detected. 

There ware no significant differences between the oil deposits in 
the two applications, even though different concentrations were used. 
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Table 3. —Oil deposits from sprays containing 2 and 1.5 percent of oil, with and 
without the addition of nicotine or cube resins, applied to lemon trees October 
19S8 


I'reatment 

1 

Date ! 
sprayed 

Oil deposit 
per square 
centimeter 

2 poroGHt of oil. ..-..... 

Oct. 4 

.. .do_ 

MicromUlililers 

136 

145 

152 

141 

147 

2 porosnt of oil plus ulcotiuo » - __ . ____ 

2 percent of oil plus cube resins . ... ....... 

.. do_ 

1.6 percent of oiL--...... ..- _ 

1.6 percent of oil plus cube resins .. ... ..... 

Oct. 20 
... .do_ 


1 


No coulits of scales on the leaves were made in the experiments of 
October 20. Mortality on the leaves sprayed October 4 is shown in 
table 4. 


Table 4. —Mortality of California red scales on lemon leaves resulting from sprays 
containing 2 percent of oil, urith and without nicotine or rube resins, applied 
October 4 , 19S8 


Treatment 

Total scales ! 

Mortality 

01I_....-. 

Number 

1,596 

1,587 

1,025 

Percent 

94.0 

99.2 

100.0 

Oil plus nlcotiue........ 

Oil plus cube resins....-. 


On the leaves sprayed with oil alone mortality ranged from 100 

E ercent on the most lightly infested leaves to 84 percent on the leaves 
aving 50 to 59 scales per leaf. When nicotine was combined with 
oil the kill was nearly complete, and when cube was added to the 
oil spray no survivors were found. No eifect of population density 
was evident in the last 2 treatments. The effect of population den* 
sity generally becomes difficult to demonstrate under conditions of 
very high mortality. It is possible that variations in mortality due 
to uneven coverage become more important and tend to obscure any 
density effects in the limited counts which can be made. 

The mortality-population density curves for the scales on lemons 
sprayed October 4 are shown in figure 1. 



FxatiBE 1.^—Mortality of California red scales on lemons from sprays containing 
2 percent of oil, with and without added nicotine or cube resins. 
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With both the oil alone and the oil plus nicotine the survival was 
greater at the higher levels of infestation, but after the oil-cube treat¬ 
ment no effect of population density was evident, the mortality being 
98.3 percent in a count of 4,182 scales. The oil-cube was more 
effective than the oil-nicotine treatment, and both were superior to 
oil alone. 

The fruit treated on October 20 was less heavily infested than that 
treated on October 4, the maximum density being 9 scales per sqxiare 
centimeter. A trend toward lower mortality at the higher densities 
was evident among the scales sprayed with oil alone but not among 
those sprayed with oil plus cube. A regression line fitted to the results 
of the first treatment showed that the survival increased, on an average, 
about 2 percent with each increase of 1 scale per square centimeter. 
The average mortality among the scales sprayed with oil alone was 
88 percent, in those sprayed with oil plus cube, 95 percent. Of the 
scales smwiving th(‘ oil-cubc* treatment 48 were on a quarter of one 
lemon bearing 71 scales. If th<‘y are excluded, the average mortality 
from this tr(*atm(‘nt was about 97 percent. 

Scales in the five classes of infestation—light and hea\"y on‘both 
green and gray wood, and encrusted on gray wood—were examined 
after bcung spray(‘d with 2 i)erc(mt of oil. Mortality of scales in each 
class on three or four twigs from each of the four trees in a plot was 
determined. Since there was not suflTicient encrusted material on the 
trees spiayed with 1.5 percent of oil to give a reliable estimate of the 
mortality, counts were* restricted to the first four classes of infestation, 
and from four to six twigs per tree were examined. The results are 
summarizes! in table 5. 


Table 5, —Effectiveness of sprays containing 2 and 1,5 percent of oil, alone and 
Vfith nicotine or cube resins^ against California red scales on lemon wood, October 
1988 



Green wwmI 



Gray wood 





Light, infesta* 

Heavy in- 

Light iufesta- 

Heavy in- 


Aver- 

Treatment 

tion 

fe.station 

tion 

fiistation 



mor- 












tality 








1 





Total 

Mor- ! 

Total 

Mor- 

Total 

Mor- 

Total 

Mor- 

Total 

Mor- 



scales 

tality 

scales 

tality 

scales 

tality 

scales 

tality 

scales 

tality 


2 percent of oil (Oct. 

Num- 

Per. 

Num- 

Per- 

Nnm- 

Per- 

Num- 

Per- 

Num- 

Per- 

Per¬ 

4): 

her 

cent 

her 

cent 

bet 

cent 

ber 

cent 

ber 

cent 

cent 

Oil alone.. 

832 

80.8 

691 
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Oil alone.. 
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88.0 
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77.2 
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78.6 

1,542 

58.1 
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76. 6 

Oil plus cube. 

604 

99.6 

782 

96.8 
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i 

06.4 

2,240 

91.2 


_1 

96.5 


Both nicotine and cube resins caused a marked increase in mortality, 
but the results from the oil-cube treatment were especially striking. 
As in experiments with sprays containing 1 percent of oil, more scales 
survived in the heavy than in the light infestations, and more on the 
gi*ay than on the green wood. 

As a result of the heavy infestation of scales in the grove sprayed 
on October 4, many of the leaves and fruits were dropping before the 
sprays were applied. This process appeared to be accelerated by the 
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treatments, but the amount of defoliation and fruit drop seemed to 
depend on the degree of infestation and condition of the trees rather 
than on the materials applied. A similar condition prevailed in the 
rest of the grove, which was sprayed by a commercial operator. 
There was no evidence of injury due to the toxicants added to the oil. 
The grove sprayed on October 20 w’^as loss heavily infested, and no 
plant reaction to the sprays was observed. 

COMPARISON WITH COMMERCIAL TREATMENT 

The remainder of the grove containing the trees sprayed on October 
4 was sprayed on October 2 by a commercial operator with a 1.07- 
percent concentration of a heavy medium-emulsive oil. The mortality 
was comparable to that obtaine<l with the 2-percent oil spray in the 
experimental plot. The following August, when the entire grove was 
sprayed again, the infestation on the wood of the experimental trees 
that had been sprayed with oil plus cube or with oil plus nicotine was 
much lighter than the infestation on the trees that had been given 
the commercial treatment without added toxicant. The fruit on 
these trees appeared commercially clean, whereas many heavily 
infested fruits were found in the rest of the grove. Fruits on the 
trees sprayed with 2 percent of heavy oil were intermediate as to 
degree of infestation. 

DISCUSSION 

The oil deposits from the sprays applied in October were greater 
than would be expected from the increase in oil concentration over 
that used in April. In general, it has been found that the rate of 
increase in oil deposits declines with increasing oil concentrations; 
yet the deposits from the 1.5- and 2-percont oil sprays were more than 
double those from the 1-percent sprays. While this result may have 
been due to differences in the emulsions, differences in the texture of 
the leaves, dust or sooty mold on the trees, and abrasion by red 
spiders may have been contributing factors. It is well known that 
the amount of oil deposited cannot always be controlled by the con¬ 
centration of oil applied. 

Two features of the insecticidal results are of special interest, 
namely, the low mortality of scales on the heavily infested older 
wood resulting from sprays of oil alone and the effectiveness of cube 
resins in oil in this type of infestation. In the experiments in which 
1 percent of oil was iised scale mortality on the heavily infested gray 
wood was only 12.8 percent, whereas in the experiments in which 1.5 
and 2 percent of oil were used mortahty was 58.1 and 58.6 percent, 
respectively. While both nicotine and cube resins, when added to 
the oil, produced simificant increases in mortality, the best kills were 
obtained with oU plus cube, the mortality being 43.9, 91.2, and 94.5 
percent, respectively, from the three series of sprays. Although the 
counts were restricted to the less susceptible stages, and the residual 
effect of the oil film against the active crawlers has not been consid¬ 
ered, the low mortality in the first exi)eriments does not favor the 
possibility of obtaining a satisfactory kill in heavy infestations with 
oil concentrations materially lower than those in present use. Never¬ 
theless, the prospect of securing better control by the addition of 
toxicants to oils at the concentrations now generally applied is 
encouraging. 
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Whether the increased cost of adding a toxicant to the oil would be 
justified by the lower scale populations or by a necessity for less 
frequent treatments recpiires further investigation, including tests on 
a larger scale and obs(‘.rvations on the course of inunfestation extend¬ 
ing over a longer time. Tlic value of combinations of toxicants with 
the lighter oils, which are considered to be less injurious to citrus, is 
also being investigated. 

SUMMARY 

Experiments were made to test the relative efloctivoncss against 
the California red scale (Aonidiella aurantii (Mask.)) of sprays of a 
heavy petroleum oil, oil plus nicotine, and oil plus cube resins. 

In the first (‘xpeu-iment all sprays contained 1 percent of oil. Nico¬ 
tine was used at th(* rate of 1 part to 2,000 parts, and cube resins at 
1 part to 5,000 parts of spray. The cube resins contained 22.3 per¬ 
cent. of rotenone. Later experiments included sprays with 2 and 1.5 
percent of oil, to some of which nicotine was added at the rate of 1 
to 1,500, and tn others cube at 1 to 4,000. The cube resins were dis¬ 
solved in an intermediary solvent consisting of 1 part of trichloro¬ 
ethylene and 2 parts of dibutvl phthalate, and this solvent was in¬ 
cluded in all the sprays. 

Mortality determinations were made only on the females in the 
gray adult and old(?r stages. Mortality in tlic more susceptible 
younger scales and the residual effect of the oil film upon the crawlers 
were not considered. Counts were made separately on the leaves, 
fruit, and wood. 

Both nicotine and cube in oil gave marked increases in the mor¬ 
tality of scales on all parts of the tree as compared with oil alone. 
The sprays containing cube resins were more effective against the 
scales on the wood than those containing nicotine, and in the treat¬ 
ments in which 2 percent of oil was used they were more effective on 
all parts of the tree. In heavy infestations on older wood the addi¬ 
tion of cube resins increased the mortality from 12.8, 58.1, and 58.6 
percent to 43.9, 91.2, and 94.5 percent for the applications of 1, 1.5, 
and 2 percent of oil, respectively. 

Spray mortality varied inversely with the density of infestation, 
except in cases of very high mortality, where a population density 
effect was not always evident. Sui-vival was highest in the heavily 
infested gray wood. 

There was no evidence of injury to the trees due to the added 
toxicants. 
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DIFFERENTIATION OF THE TWO GENETIC FACTORS 
FOR RESISTANCE TO THE HESSIAN FLY IN DAWSON 
WHEAT' 

By W. B. Noble, associate entomologisty Division of Cereal and Forage Insect 
Investigations, Bureau of Entomology and Plant Quarantine, and C. A. Sttnebon, 
agronomist, Division of Cereal Crops and Diseases, Bureau of Plant Industry, 
Agricultural Research Administration, United States Department of Agriculture * 

SUMMARY 

Investigations on the resistance of Dawson wheat to the hessian fly 
are reported. These studies deal with material derived from the 
crosses Dawson X Poso and Dawson X Big Club and advanced toward 
the commercial type by different numbem of backcrosses. Three 
backcrosscs, selections having the genetic constitution H 1 H 1 H 2 H 2 , 
HiHih 2 h 2 , and hihiH 2 H 2 were isolated, and their performance during 
several years was recorded. They were then recombined and the 

f irogeny cataloged for hessian fly reaction in F 2 and F 3 generations, 
n addition to confirming the presence of two factom for resistance 
to the hessian fly, the data demonstrate the successful isolation, 
differentiation, and recombination of the two Dawson factors. They 
further demonstrate the successful determination of these resistance 
factors in two additional backcrosses during a time of relatively low 
infestation. Finally, the performance of the experimental variety, 
Big Club 38, over a 4-yeAr period demonstrates the successful applica¬ 
tion of the breeding method for control of the hessian fly. 

INTRODUCTION 

In 1936 Cartwright and Wiebe® reported that the wheat variety 
Dawson contributed two genetic factors for resistance to the hessian 
fly {Phytophaga destructor (Say)) found in California, and mentioned 
a backcrossing program designed to transfer this resistance to the 
susceptible commercial varieties Poso and Big Club. Two years later 
Briggs^ indicated progress on the breeding phase of this program. 
Since the writers are now engaged in a rather comprehensive survey of 
genetic factors for resistance to the hessian fly, it seems timely to 
present data to confirm further the presence of two genetic factors in 
the variety Dawson and to report their isolation and differentiation. 

> Eeceived for publication December 12,1942. This work was carried out in cooperation with the Depart¬ 
ment of Agronomy, University of Gidifomia. . . , * , 

* The writers are Indebted to L, Q. Jones, W. B. Cartwright, and F. N, Briggs for helpful suggestions 
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MATERIALS AND METHODS 

The breeding stocks used in the isolation and differentiation of the 
Dawson factors were derive<l from the crosses made in 1931 and 
studied by Cartwright and Wiebe. They have been grown and tested 
on a fixed backcross breeding schedule in the vicinity of Birds Landing, 
Calif. The redaction of the parent varieties to fly gestation has been 
consistent in all the years that they have been tested. Their per¬ 
formance for the years 1935 to 1941 is shown in liable 1. In this 
table are also recorded, for comparison, the infestations obtained in 
the experimental variety Big Club 38 from 1938 to 1941. This 
variety is composed of lines selected in 1937 from the third back- 
cross of Dawson X Big Club to Big Club, and its behavior during the 
4 years that it has been under observation bespeaks general success 
for the breeding program. 


Tabt^b 1. —Hessian fly infestations in parent varieties and 1 derived variety of wheat 
at Birds Lanaing^ Calif, y 19S5 



In breeding wheals for .fly resistance, if the genetic factors have 
been properly recovered in consecutive backcrosses to th(', susceptible 
parents, each successive population of plant families should have a 
frequency distribution of fly infestations comparable to that obtained 
in the original cross. Likewise in easels such as this, where two 
genetic factors for resistance are involved, it should be possible to 
identify definitely the postulated two factors for resistance. To do 
this, each factor must be isolated in a line by itself so that its mono¬ 
factorial inheritance can be established. In this work the two factors 
were isolated by backcrossing Fi plants of the cuoss Dawson (HiHr 
H 2 Hj) X Poso (hihih 2 h 2 ) to Poso, as schematically shown below. 

Cross: HiHiH 2 H 2 X hihih 2 h 2 
Fx: HxhxHjha 

Backcross: HihiH 2 h 2 X hihih 2 h 2 
Fx^s: HihxHshj 
Hxhih2h2 
hihiH2h2 
hxhxh2h2 

The Fi^s of the backcross segregate in the proportion 1 : 1 : 1 : 1 ; 
that is, one-fourth of the plants possc^ss both of the Davrson factors 
for resistance, one-fourth possess one of them, one-fourth possess the 
other, and one-fourth possess neither. 

In these studies plants were classified as infested or uninfested 
depending upon whether or not puparia were present. The number 
pf plants examined from each row varied considerably but was never 
less than 26. Checks of the susceptible commercial varieties Poso 
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and Big Club wore grown alternately in each eleventh row throughout 
the nurseries, and where possible the nurs(»rv slock was grown in 
proximity to infested stubble. Infestations in the vicinity of Birds 
Landing vary less from year to yi^ar than in most areas, but unfortunate¬ 
ly they were at a rather low level during the years of these experiments. 
From 1938 to 1940 infestations were not heavy enough for precise 
genetic analysis, but by inter|)olation of the data on pedigreed hybrid 
lines sufficient information has b(‘en assembled for this purpose. 

EXPERIMENTAL RESULTS AND INTERPRETATION 

The data of Cartwright and Wiebe showed that an F 2 family 
derived from Daw^son X Poso (Hi Hi Ho IL X h; In ho 112 ) was 13.7 
piTcent infested by the hessian fly. The data obtained on 40 F 2 
families in 1936 showed that this value might range from 5 to 25 
pendent in small-sample analyses, wdth most of the families falling 
below a midclass value of 17.5 percent. The tests of 188 families in 
the same year indicated that the F 2 families obtained by backcrossing 
an Fi plant to susceptible Poso fell within the (‘xpected proportion of 
one-fourth susceptil)l(', one-half S(»gregating for single factors, and 
on(?-fourth segregating for two factors. Since* the distribution of the 
two-factor lines was determined by Cartwright and Wiebe, the be¬ 
havior of these families w^as not extensively studi(‘d, but that of 100 
F 3 families derived from HihiH 2 h 2 was in agn‘ement with the two- 
factor hypothesis regarding Dawson. 

Since the major objective of the res(*arch w^as to id(*ntify the two 
factors of Dawson, the single-factor segregating families of 1936 were 
tested in F 3 row^s in 1937. Of 124 families tested 29 were susceptible, 
W'hich w'as close to the 31 theoretically expected. These data, along 
wuth the distributions of the families mentioned above, are given 
in table 2 . 

In order to advance the breeding program by utilizing the back- 
cross principle and t(*sting the genetic concept upon wdiich it was 
based, certain lines dcrivt'd from the F 3 tests of 1937 wx^re sel(*cted for 
furth(*r study. The g('neti <5 constitution and reactions to the hessian 
fly for these lines are shown in table 3. In distinguishing between 
III and H 2 factors for resistance, the initial differ(*ntiation wns based 
on an F 2 infestation range of 25 to 42 percent. Subsequent tests have 
indicated that Hi and H 2 are about equal in tludr ability tn impart 
resistance, and definitely inferior to the double combination as it 
occurs in lines 6078 and 6110 (table 3) or in the variety Dawson itself. 
In other words, a wheat having the factor Hi or H 2 alone would show 
a range of 0 to 10 percent infestation over a term of yeai*s, in contrast 
to the reaction of Dawson showm in table 1 . 



of Fi and F 3 ^-fador and l-f odor families of the third backeross of Dawson X Poso to Poso, at Birds Landino Calif 

in 1936 and 1937 ‘ * 9 * j-* 


30 


Journal of Agricultural Research 


Vol 67 No. 1 










July 1, 1943 Genetic Factors Jor Hessian Fly Resistance in Wheat 


31 


Table 3.- —Hessian fiy infestations of selected lines of the third hackcross of Dawson 
X Posoio Poso and of their hackcross progeny, at Birds Landing, Calif., 19S6-41 


Selection 

Genetic constitution 

Percentage of plants infested 

j Third hackcross 

Fourth 

back- 

cross 

Fifth 

back- 

cross 

Fa 

1936 

Fs 

1937 

Fs 

1939 

Fs 

1940 j 

Fs " 
1941 

Fi 

1938 

Fj 

1939 

6078 -. 

IliIIjHjHj.. 

H 

0 

0 

0 


5 

3 

6110. 

.. do. 

8 

1 0 

0 

0 


7 

5 

6179. 

Ilillihshs .. 

25 

0 

0 

K 

12 

13 

15 

6194. 

..do... 

28 1 

3 

0 

4 


18 

10 

6232. 

hihiHjHi.. 

42 

3 




17 

10 

6270. 

. ,,-do.,... 

29 

6 

0 

j 

4 

8 

22 

10 


A number of recombinations between the several extracted lines 
wore studied in F 2 , as shown in table 4. Although these studies wore 
made in different years, they contribute little in themselves because 
of the low level of infestation. 


Table 4. —Hessian fly infestations of generation hybrids between selections from 
the third hackcross of Dawson X Poso to Poso, at Birds Landing, Calif., in 1938 
and 1940 


Scl(*ctioii.s crossed 

Genetic c^onstitution 

1938 

1 

1 1940 

! 

Plants 

observed 

Plants 

infested 

Plants 

observed 

Plants 

infested 



Number 

Percent 

Number 

Percent 

6078 X 6179. 

IIJIiHjU* X IliUthjha .. 

2S4 

5 

130 

2 

6110 X 6270__ 

n.HiIMlj X hjh.HjIli... 

242 

3 

150 

0 

6179 X 6270 .. 

HjHihshj X hihiHsHa .. 

492 

6 

204 

a 

6194 X 6232 . 

HilLhahj X hihillallj . 

497 

7 

260 

2 


Studies of the F 3 generation were made in 1940, as shown in table 5. 
Hero, again, low infestations were troublesome, as indicated by the 
extreme dispersal of the susceptible Poso parent with some rows 
showing only 30 percent of infested plants. Confirmation of the pre¬ 
viously assigned genetic constitution of all extracted selections from 
the third hackcross of DawsonXPoso to Poso is also given in table 5. 
In the crosses between two-factor and single-factor selections no 
susceptible families were recovered, whereas in crosses between two 
single-factor lines heterozygous and susceptible families were recovered. 
Supporting these data are the distributions observed for certain of 
the selections successfully backcrossed twice to Poso, in which the 
proportion of resistant rows is much higher for the two-factor linos. 
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FOOD RESERVES AND THEIR TRANSLOCATION TO THE 
CROWN BUDS AS RELATED TO COLD AND DROUGHT 
RESISTANCE IN ALFALFA^ 


P By (^ O. Grandfikli) =* 

Associate agronomist. Division of Forage Crops and Diseases, Bureau of Plant 
Industry, Soils, and Agricultural Engineering, Agricultural Research Adminis* 
tration, United States Department of Agriculture 

INTliODUC’TION 

The physiological role of food reserves in many crop plants has 
been studied and reported to be a factor in the hardening process of 
plants to different adverse conditions. Time-of-cutting experiments 
with alfalfa {Medicago sativa L.), conducted by the Division of Forage 
Crops and Diseases in cooperation with the Kansas Agricultural 
Experiment Station, at Manhattan, Kans., during the last 35 years, 
hav('. demonstrated the effects of different cutting treatments on hay 
quality, on longevity of stands, and on the storage of carbohydrates 
and nitrogen in the roots. 

Th(* study reported herein was made to determine the importance 
of food reserves in relation to the physiological processes that occur 
during tlie hardening of alfalfa to adverse conditions. This study 
was designed particularly to show the effect of time of fall cutting 
on the development of the crown buds and the effect of stored organic 
food r(*serves in the roots on their cold resistance. As used in this 
paper, the term ‘‘crown buds^’ is defined as the new growth, either 
pink or white in color, originating from the crown or crown shoots 
under the surface of the soil. As soon as a bud developed a green tip 
it was no longer classified as a crown bud. 


REVIKW OF LITEIIATUHE 


Nelson (77)^ reported that a reduction of vigor and productivity 
accompanied a lowering of food reserves in alfalfa roots, and other 
investigators (5, 11) have obtained similar results. The present 
writer (7) found that the critical period in the life of alfalfa is in the 
fall imd that removal of the late summer growth early in the fall 
lowered the carbohydrate and nitrogen content of the roots to such 
an extent as to make the plants more susceptible to winter injury. 
Rather and Dorrance (^i) reported that grazing in the fall reduced 
the dry matter in the roots and the number and vigor of crown buds. 
Ekctrical conductivity tests of the roots indicated that alfalfa un¬ 
grazed after August 28 hardened off much better. 


> Koooived for pubUcation August 4, 1942. Cooperative investigations of the Division 
and Diseases, Bureau of Plant Industry, Soils, and Agricultural Engineering, and the Kansas Amricultural 
Experiment Station. Contribution No. 333, bepartment of Agronomy, Kansas Agricultural Experiment 

author gratefuUy acknowledges his Indebtedness to H. L. Westover, of 
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Silkett ot al. {24) concluded that alfalfa plants cut in September 
develop fewer crown buds per plant than those cut earlier or during 
October. Johnsson {12) found that higher yields were associated 
partly with a larger amount of reserve food stored in the roots and 
partly with a greater number of winter-hardy crown buds. 

Ireland {10) noted a differcmce in fluctuations of the cell-sap con¬ 
centration during the winter in hardy and nonhardy varieties of alfalfa. 
Dexter {2) stated that 'flxardening of plants is favored by conditions 
which tend toward the accumulation or conservation of carbohydrates 
and other reserve foods.Kneen and Blish {IS) showed a positive 
correlation between cold resistance and sucrose content in winter 
wheat plants. The writer (7) found that conditions of top growth 
favorable for high food storage in alfalfa can be brought about by 
proper cutting practices. 

The work of other investigators has established that, coincidental 
with the increase in drought resistance in sonn^ plaxits, there is a 
pronoimced increase in some carbohydrates and a d(‘crease in others. 
Lvoff and Fichtenholz {14) and Vasiliev and Vasiliev {26) noted 
that following wilting there was an increase in the hydrolysis of starch 
and an increase in sugars. 

These experiments, as well as others, suggest that tlie hardening 
processes to cold and to drought arc similar and may be controlled to 
some extent in alfalfa by proper cutting practices. 

Dmu) {4) demonstrated that the protoplasmic constituents of tin* 
cells of alfalfa are of primary importance in the hardening to cokl, 
Newton and Martin {20) found that the amino nitrogc'u content of 
the wheat plant increased during the hardening procc'ss and that high 
carbohydrate and nitrogen content are ne(‘e8sary to cold resistance. 
Harvey {9) held that the Splitting of protein into less easily precipi¬ 
tated forms is a method of adaptation of plants to cold. Mark {15), 
working with alfalfa, found a marked increase in the content of both 
protein and nonprotein nitrogen from uncut plants while that of con¬ 
tinuously cut plants remained about (‘onstant, indicating that, if a 
high content of protein nitrogen is related to cold resistance, there is 
a distinct difference in favor of uncut plants. Greathouse and Stuart 
{8) concluded that a high concentration of total sugars and total 
nitrogen was associated with cokl resistance. Tvsdal (25) reported 
that the concentration of sugar and amino acids, as found in the 
extract of alhilfa roots, influenced the protective activity. Miller 
{16), in a discussion of synthesis of proteins by green plants, stated 
that proteins are not formed in the plant without a supply of carbo¬ 
hydrates. Thus there probably is a close association of the stored 
food reserve and the ability of a plant to harden off. Dexter et al. 
(5) measured this hardening by electrolysis, and New’ton and Browm 
(i<5) measured it by determining the bound water, stating that hydro¬ 
philic colloids bind water and increase the concentration of aqueous 
solutions and that factors affecting drought resistance include thos(j 
concerned in absorption, transpiration, and wilt endurance. Newton 
et al. {19) also stated that moisture content is less in hardy varieties 
and that the resulting concentration of colloids and sugars in all fluids 
increases the resistance to freezing. 

From this brief review of literature, it is evident that a better 
understanding of the carbohydrate metabolism and translocation with- 
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in the alfalfa plant is nc^ccssary to correlate* it with the hardening 
processes and controlled cutting prae^tice^s. 

METHODS OF EXPKKIMENTATION 
OUTLINE OF EXPERIMENTS 

The (‘xperini(‘nts were designed to show the effect of fall cuttings 
on crown-bud developnuuit and to correlate these* cuttings with the 
fooel reserve* ste)rage and colei re‘sistance of the re)ots anel buels. 

In (*arlier te*sts the write*r (6*, 7) showe'el tlmt fall cuttings of alfalfa 
more than any other* aflecteel the ability of the less wint(‘r-harely vari- 
e*tie‘S to inaintain stanels and also that these cuttings exerted a flecieled 
effect on the yie'ld of hay from the first cutting of the following 
season. 

In 1935 an experiment was be*gun in which cuttings were made 
from three replicatie)ns, as shown in Oible 1. Particular attention 
was given to the effect of the numb(‘r of days in the fall growing period. 
The latei* tim(*-of-cutting exp(*riments mentioned in the repoi*t follow 
this outline, ex<‘ept that th(* first three cuttings were all made tit the 
same time and by regulating the time of the fourth and fifth cuttings 
various lengths of fall growing periods were obtained. Data on the 
crown buds and j*oots W(*r(* taken on 100 plants dug from each plot. 
Th(‘ following detenninations were made and recordt'd: For crown 
buds, number, length, dry W(*ight, percentage of carbohydrat(*s and 
of total nitrogen; for roots, percentage of carbohydrates and of total 
nitrogen. 

Table 1. —Outline of experiments showing summer treatment by cuttingSy date of 
last vutting, and fall treatment 


Summer treatment by eutting.s 

Date of 

Fall 

1 

1 1 

^ 1 

1 

i 3 

i 

1 •* 

! 5 

cutting 

treatiin^nt 

1 B 1 

B 

B 

B 

B 

Oct. 8 

Cut Oct. 8. 

B 1 

B 

B 

i B 


Aug. 2« . 

Uncut. 

B i 

B 

B 

1 B 


. (io , 

(^it Oct. 8. 

B 1 

B 

B 



_ do . 

Uncut. 

B 

B 

B 

1 2 FB 


Sept. A 

rut Oct. 8. 

B 

B 

B 

FB 


. do 

Uncut. 

B 

B 

FB 

FB 

- - 

Sept. 14 

Cut Oct. 8. 

B 

B 

FB 

FB 


_ do 

Uncut. 

B 

FB 

FB 

FB 


Sept. 28 

Cut Oct. 8. 

B 

FB 

FB 

i 

FB 


_ do„_ 

Uncut. 

i 


* B bud. * FB — full bloom. 

In 1937 a ntw experiment was started on a field previously seeded to 
Kansas Common and Ladak alfalfa. The object of this experiment 
was to verify the conclusions reached in the earlier work an<l to deter¬ 
mine whether there was a varietal difference in the development of 
resistance to cold. In addition to the data taken as in the previous 
experiment, determinations of bound water, specific conductance of 
exosmosed material, total water, and dry weight were made on the 
crown-bud material. 

FIELD SAMPLING 

All the top growth was removed from the root samples and discarded, 
the new crown buds were picked from the crowns, and the roots were 
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trimmed to 8-inch lengths, including the closely clipped crown. The 
fre^h crown-bud material was used for determinations of bound water 
and specific conductance,extreme care being taken to minimize the 
loss of water while the samples were being prepared. That part of 
each sample to be used for chemical analysis was immediately oven- 
dried at 98° C. The individual pieces of buds wore small, allowing 
rapid heat penetration and thus stopping all enzymatic action. The 
root samples for chemical analyses were cut into )4-inch lengths, 
placed in 95-percent alcohol, sealed, and stored until analyzed. 

In preparing the roots for analysis the alcohol was drained off and the 
root material allowed to air-dry, after which it was coarsely graimd, 
returned to the original alcohol, and mixed well. The ground ma¬ 
terial absorbed the alcohol, thus reincorporating the alcohol-soluble 
carbohydrates. The alcohol was aUowed to evaporate and the dried 
material was reground imtil approximately 95 percent would pass 
through a K-mm. sieve. This material was used for analyses of 
carbohydrates and total nitrogen. 

LABORATORY DETERMINATIONS 

Results for all the analytical data are reported on a dry-weight basis. 

The carbohydrate determinations were made from 2-*gm. samples of 
the finely ^und root and crown-bud material, and the reducing 
power of aliquot portions was determined in duplicate. The carbo¬ 
hydrate separates were determined by the cuprous titration m(»tho(l of 
Shaffer and Hartmaim (£3), and the amounts were calculated as 
dextrose from the Munson-Walker tables (I). Separation was accom¬ 
plished bv beating at approximately 80° C., with 90-percent alcohol, 
on a sand bath for hours. One aliquot of the filtrate was used to 
determine reducing sugars, and a second aliquot was hydrolyzed for 
three-quarters of an hour with 2)^perc^nt hydrocldoric acid for total 
sugars. The dextrins were separated from the residue with cold 
10-percent alcohol, and an aliauot was hydrolyzed with 10 cc. of 
hyarocUoric acid (1.19) for 2% nours. The residue was washed into 
a beaker with hot water, boiled for 2 minutes, cooled, digested with 
saliva at 38° for 14 hours, filtered, and an aliquot portion hydrolyzed 
with 10 cc. of hydrochloric acid (1.19) for 2}^ hours for starch. The 
residue was then hydrolyzed with 100 cc. of 1+20 hydrocldoric acid 
for hemicelluloses. 

Bound water was determined, by the dilatometer method as 
described by Rosa on duplicate 10-gm. samples of the fresh 
crown-bud material. Petroleum ether was placed in the dilatometer 
with the samples, care being taken to exclude all air. The cooling 
was don# by placing the filled dilatometei-s in calorimeters fflled with 
cracked ice and salt. 

Specific conductance determinations were made on duplicate 3-gra. 
^mples frozen for 2 hours at —6° to —8° C. and exosmostnl 4 hours 
in fiO cc. of distilled water. The specific ennductance was reported 
in mhos, determined by the use of Student^s potentiometer as a rjon- 
ductivity bridge. Dexter et al. (3) described this method and used 
it to measure the degree of cold resistance in plant material. 
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EXPERIMENTAL RESULTS 

CROWN-BUD DEVELOPMENT 

The giDwih and dcvolopinent of the crown buds of alfalfa were 
traced by taking; samples from the experiment outlined in table 1. 
Samples were collected at intervals of 10 to 30 days from September 
1935 to January 1936. The data covering the 1936 season are pre- 
seuit(‘d in figure 1 as averages for the dry w(dght of buds from plots 1 
to 5 inclusive. These data show that the buds on the plants during 
the summer months arc very few and small, but that they begin to 
increase in both number and size in September and continue to do so 
into November. 

Since the buds that develop in the fall produce the next season’s 
hay crop, conditions that favor the formation of numerous strong, 
healthy buds in the fall may aid in producing a larger hay yield the 
following season (7, 1£). 

In tlie vicinity of Manhattan, Kans., top growth of alfalfa stops 
increasing in quantity about October 5 to 10. From that time until 



Fi(}URE 1.— Dry weight of crown buds from 100 alfalfa plants as affected by the 
fall cutting treatment outlined in table 1. 


killing frosts occur, the plant continues to manufacture food and store 
it in the roots, a peak in storage being reached sometime in NovemlxT. 

The actual amounts of crown buds taken from 100 plants on plots 
1 to 5 are shown in figure 2. The August 26 samples (fig. 2, A) were taken 
at about the time the buds began to develop, and the November 17 
samples (fig. 2, B and C) were taken after all top growth had been 
stopped by freezing. The B samples were from the plots cut Octo¬ 
ber 8 and the C samples from the uncut plots (table 1). 

FOOD RESERVES 

The fluctuations in the reserves of alfalfa roots throughout the 
growing season and the effect of the length of the fall growing peiiod 
on the total amoimt of food reserves stored for winter use have already 
been reported (7). The cutting practices that were favorable to high 
plant-food storage were also found to bo favorable to crown-bud 
development. 

The present experiment was originally planned to detennine the 
effect of fall cutting treatments on the processes that harden Kansas 
Common and Ladak alfalfa to cold. Because of drought in the falls 
of 1937 to 1940, however, the amoimt of fall growth was so affected 
that no significant differences due to cutting treatments were found 
either in the top growth or in the food reserves. The severity of the 
drought in the fall of 1939 made sampling impracticable. Since the 
varietal differences between Kansas Common and Ladak were slight, 
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Figube 2.—Effect of cutting practices on development of alfalfa crown buds from 
plots 1 to 6 (a-e)^ as outlined in table 1: A, Samples taken at about the time 
the buds began to develop; B and C, samples taken November 17, after all top 
growth had been stopped by freezing, (B) from plots cut October 8 and(C) from 
uncut plots. 
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the (lata from the carbohydrate analyses for the two varieties were 
averaged (table 2). However, there was some indication that the 
hydrolysis of the stored starch to sugars in the roots during the hard¬ 
ening period was more complete in Ladak than in Kansas Common. 

The data for total carbohydrates, starch, and total sugars are plotted 
as tlie deviation from the mean at the dates sampl(>d (fig. 3). Each 
dot represents the average' of e'ight fie'ld samples taken on approxi- 



FieiiTRK 3.—The? trend of plant food reserves in alfalfa roots, plotted as devia¬ 
tions from the mean. 


matedy the dates indicateel in each of the yews 1937, 1938, and 1940. 
Only total carbohydrates, starch, and total sugars are plotted, as the 
other determinations were more or less const ant throughout the season 
(table 2). In 1937 hemieedlulose and dextrin were not separated from 
the starch. In figuring the deviation for starch that year, it was 
assumed that all the fluctuations that took place were in the starch. 
No doubt there is some error in this assumption, but, as indicated by 
the 1938 and 1940 data, the fluctuation in starch was by far the greater, 
and by comparison the changes in hemicidlulosc and dextrins were 
not large enough to be important. 

Most of the carbohydrates found in the crown buds of the alfalfa 
plant arc probably translocated from the roots, as the buds are not 
storage organs. 

The anmytical data reported for the crown buds (table 2) were 
obtained from the same plants that were used for the mot analysis. 
In figure 4 the percentages of total carbohydrates, starch, and total 
sugars are plotteci as the deviation fmm tlu‘ mean. 
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Table 2 .—Carbohydrates and nitrogen in roots and crown hvds of alfalfa plants 
sampled at different dates 


T»EfiCENTAOE OF CARBOHYDRATES IN ROOTS 


Constituent and year 

Date of sampling 

Aver¬ 

age 

Sept. 

2 

Sept. 

18 

Oct. 

6 

Oct. 

28 

Nov. 

28 

Jan. 

2 

Feb. 

27 

Mar. 

24 

Total carbohydrates; 










1937-38 

28.70 

26. .55 

33.75 

39.20 

39.05 

34.10 


28.75 

32.87 

1938-39.. 

29.45 

35.15 

31.85 

37. (X) 

37.85 

36.40 

32.95 

31.50 

33.89 

1940-41.. 


28.80 

37.70 


38.55 

33.20 



34.56 

Starch: 










1937-38‘.-... 

2.5.80 

24.50 

30.75 

34.50 

29.20 

20.80 


10.05 

25.09 

1938-39 .. 

6.82 

16.53 

12.46 

18.18 

8.93 

3.94 

5.49 

6.33 

9.71 

1940-41.. 


8.18 

12.07 


7.65 

6.88 



8.67 

Total sugars; 










1937-38..-. ... 

2.92 

2.07 

3.05 

4.80 

9.85 

13.20 


9.70 

6.51 

1938-39., 

7.71 

4.74 

5.59 

7.08 

14.87 

14.76 

12.^ 

9.68 

9.(H 

1940-41 . 


4. 71 

6.53 


12.51 

0.43 



8.30 

Hemicollulose: 



i 







1938-39.. . 

14.05 

12.60 

i 13.30 

11.80 

11.90 

12.25 

13.75 

15.60 

13.16 

1940-41.. - 


13.20 

13.66 


12.66 

13.05 

. 1 


13.14 

Reducing sugars: 







1 

1 1 



1937-38.-.- 

1.75 

1.92 

2.23 

3.86 

4.03 

8.65 


4.47 1 

3.84 

1938-39.-. 

6.36 

3.88 

3.27 

3,83 

4.36 

5.73 

'*'2.71 

3.81 i 

4.24 

1940-41 . . __ 


3.49 

4.41 


4.54 

2.92 



3.84 

Dextrlns; 










1938-39. 

.89 

.97 

.39 

1.27 

2.03 

1.28 

.99 

.98 

1.10 

1940-41 .-. 


1.16 

1.04 


.91 

.87 



1.00 


PERCENTAGE OF CARBOHYDRATES IN CROWN BUDS 


1'otaJ carbohydrates: , 



1 





1 

1937-38 . 

20.95 

21.80 

! 23.10 

25.16 

26.10 

30. .50 


25.25 1 

1938'39. 

16.65 

19.30 

1 19.85 

22.65 

29.65 

! 32.25 

29.95 

20.85 1 

1940-41. 


15.30 

1 23.00 

__1 

22.80 

23.56 


1 

Starch: 








... 1 

1937-381.. 

18.00 

18.^10 

1 19.80 

18.55 

17.20 

1 15.65 


18.05 

1938-:i9. . 

2.16 

3.43 

.72 

1.40 

.33 

.50 

l.Ol 

. 55 

1940-41 . 


7.34 

1 7.37 


2.89 

3.57 



T'otal sugars: 









1937-38 .. 

3.41 

8.35 

1 3.31 

6.69 ; 

8.90 

14.8:1 


7.33 

1938-39 

3.51 

3.5;} 

! 5.59 

7.68 

17.75 

! 18.12 

15.33 

6.57 

1940-41 , .. 


4.77 

3.68 


8.51 

9.07 



Homicellulost;: 









1938-39 .. 

10.30 

11.45 

i 12.75 

12.35 

10.70 

11.90 

11.60 

12.86 

1940-41. 


1.76 

10.47 


10.59 

7.83 



Reducing sugars: 









1937-38 .. 

1.46 

2.17 

2.10 

3.19 

2.73 

1 7.35 


2.77 

1938-39 . -. 

1.50 

1.64 

1.58 

2.66 

2.16 

Z06 

'i48 

1.66 

1940-41. 

. , - 

1.44 

1.42 


.98 

1.83 



Dextrins: 









1938-39 ... 

.56 

1.10 

.77 

1.16 

,87 

1.72 

1.97 

.92 

1940-41 .. 


2T 

.46 


.78 

.89 













24.«« 
21.10 


17. W 
1.20 
,5.21) 

0.82 
9.70 
0. 51 


11.74 

7.00 

3.11 

1.90 

1.42 

1.13 

.71 


PERCENTAGE OF NITROGEN IN ROOTS 


Total nltroR<*n: 

1987- 38. 

1988- 39.. 

1940-41. 


1.90 

1.92 

2.45 

2.06 

2.21 

2.13 


2.24 1 

2.13 

1.38 

1.87 
1.64 1 

1.70 

1.65 

1.92 

2.06 

2.01 

2.12 

2.22 

2.29 

2.30 

1.96 
, 1.86 






PERCENTAGE OF NITROGEN IN CROWN BUDS 


Total nitrogen: 









1937-38-.! 

3,60 

4.13 

4.39 

4.39 : 

4.13 

8.78 


4.14 

' 1938-39.. 

3.85 

4.45 

4.14 

4.66 { 

4.30 

3.69 

4.09 1 

4.04 

1940-41... 


4.65 

4.43 


4.12 

4.18 












4.08 
4.14 
4.3S 


t Daring this season hemiccllulase and dcxtrins were not setiarated from staroh. 
«T« trace. 
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data for total nitrogen are likewise given in 
table 2. l<rom Septembi'i* to Mareli, the general trend in the roots 
was upward, with an average of 1.98 percent. Jn the buds the 
average was 4.19 percent, the highest percentages being reached 
from late September through November. 

THE HARDENING PROCESS 


Chances in Carbohydrates 

Changes in total carbohydrates are due largely to changes in the 
starch and total sugai* content. In the roots, a large proportion of 



18 6 28 28 2 27 24 


DATE OF SAMPLING 

Ficuue 4. —Trend of plant-food reserves in alfalfa crown buds, plotted as 
deviations from the mean. 

the total carbohydrates is stored as starch, wlaneas in the crown 
buds total sugars account for the largest proportion, and starch is 
present only in limited amounts (figs. 3 and 4). It is shown that 
storage in the roots continued until the latter pai*t of October, wlum 
starch reached its maximum coiicentratiou. After that time starch 
decreased and total sugars increast'd, reaching a maximum in the 
roots during December. The maximum concentration of total 
sugars in the crown buds occuiTed during December and January 
and coincided with a rapid decrease of starch in the roots. Since 
little stanh was present in the ciown buds during the late fall and 
winter, the increase in sugar concentration was probably due to 
translocation from the loot or crown tissue to the buds. Hydrolysis 
of starch and translocation of sugar occurred during the period 
when the plant was increasing in cold hardiness, and appeared to 
be a factor associated with the hardening process. 
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The total nitrogen content of the crown buds was found to average 
more than 2 percent higher than that of the roots, thus assuring suffi¬ 
cient nitrogen for the formation of proteins, which are largely 
colloidal in natm'e. 

OTHER PHYSIOLOGICAL CHANGES 

Changes in diy weight, free water, bound water, and specific con¬ 
ductance of various plant parts of crop plants, including alfalfa roots, 
have been reported by a number of investigators. So far as the 
writer has been able to deteimine, however, no one has reported work 
on the crown buds of alfalfa and their ridation to the storage organs in 
the utilization of stored carbohydrate and nitrogen reserves during 



DATE OF SAMPLING 

Figure 5. —Physiological changes in alfalfa crown buds, plotted as deviations 

from the mean. 

the process of hardening to cold. Data here presented (table 3; 
fig. 5) indicate an increase in dry weight of the buds fi*om September 
to January, after which the dry weight gradually decreased. Total 
water increased through the eaily fdl, began to decrease the latter 
part of October, and reached a minimum in Januaiy, at a time when 
the buds exhibit greatest resistance to cold, as indicated by minimum 
values in specific conductance. The trend of the curve for bound 
water, calculated as percentage of total water, is opposite to that of 
total water, and there are no reverse changes in the early fall, as in 
the case of total water. The rapid increase in the percentage of 
bound water from October 6 to January 2 coincides with an increase m 
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cold resistance and witli an increase in supir. From table 3 it may 
be shown that approximately 20 percent of the total water from 
November to March remained as free w^ater. 


Table 3.— Somv physiohgiral changes m crown buds of alfalfa plants at different 

dates of sampling 


I tom and year 


Dry wei’Kht, amount, of water, and si)C‘cifl(; eonduetance in saiiiples taken 
on indicated date 



St*|)t. 2 

Sept. 18 

Oct. 6 

Oct. 28 

Nov, 28 

Jan. 2 

Feb. 27 

Mar. 24 

Average 

Dry weight: 

(harm 

Ora mn 

ftrains 

Ora ms 

Crams 

Crams 

f trams 

Crams 

Grams 

1937-38. 

0.82 

1.02 

2 73 

:i.24 

2.94 

.3.02 


1.79 

2. :i9 

19:i8~39 . . 

.93 

2.74 

2.28 

4.45 

7. 09 

9.80 

4. HO 

2. 00 

4.28 

Total water: 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

1937-38 . . . 

70.9 

81.3 

81.1 

as. 7 

\ 80.0 

70.4 


81.21 

80. 1 

193R-39_ . . 

1949-41 

80. 1 

[ 79.3 

84.9 

1 

1 

79.0 
84 7 

79.8 

1 77.8 

82.2 

74.9 

81.5 

78.4 

83. 4 

7t>. 2 
83. :i 

Bound water: 






1937-38 .... . 

74.0 

8<>.8 1 

74.1 

72.1 

85. 1 

90. 7 


80. 1 

80.4 

19:18-39 . 

04.5 

thl. 2 
49. 1 

02. 3 
00. 3 

1 72.9 

83. 0 
02.9 

Mhos 

89. 4 
05. 8 

84. r 

75. 2 

" 74.4 

59. 5 

Mhos 

1940-41_ I 

. 

\th0H 

1 Mhon 

Xfhos 

Mhos 

! Mhos 

A\thuS 

Mhos 

SjH'cific conductanc(': 

1 txio-’) 

1 (XlO-i) 

(XIO-S) 

(XIO 3) 

(X10-5}| 

\ (XlO- 5) 

(XIO 

(X10“«l 

(XIO‘5) 




J937~:48. i 

i 7.2 : 

! 10.0 

8.0 

7.8 

0.3 i 

5.7 


8.0 

1 7.7 

1938-39 . 

1 

8.7 

7.5 

0. 5 

0. 2 

5. 5 

5.9 

0. 1 

7.0 

1940-41. 

[_J 

! 7..S 

9.5 

I ! 

! 7. 1 i 

9.2 

1 



I 


> ralculatod as iH'rwntage of total water. 


Specific conductance has been used as an indicator of cold resistance 
in crop plants. Data shown in table 3 and figure 6 indicate the trend in 



Figure 6.— Effect of moisture conditions on percenta^?e of bound water in alfalfa 

roots. 

the crown buds toward increasing hardiness, and correlate with the 
sugar content, total water, and bound water. All analytical data show 
more fluctuation between sampling dates in the fall than at any other 
time. This fluctuation may be caused by the rapid changes that often 
occur in growing conditions, such as alternate w'et and dry or w arm and 
cold periods during* this season. When alfalfa is growhig rapidly the 
carbohydrates in the roots decrease, whereas under conditions that 
limit vegetative growth, such as low soil moisture or low temperatures, 
photosynthesis continues, resulting in a rapid increase of reserves. 
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This fluctuation is reflected in all the data, indicating the influence of 
stored food on the other factors. 

Environmental factors that tend to increase the dormancy of the 
alfalfa plant, regardless of the time in the growing season, will tend to 
increase its resistance to unfavorable conditions, bringing about 
physiological changes that makes it more resistant to cola in the 
winter (f, 7, IS) and to drought (14,18, 26) in the summer. During 
the summer of 1939 data were obtained on the effect of moisture 
conditions on the bound water in alfalfa roots, and these are presented 
in figure 6. (3b8ervations had shown that there was a difference in the 
effect of available moisture on the growth of alfalfa tops in the two 
adjoining areas sampled. In June before the first sampling date, 
growing conditions were good, the rainfall of 7.3 inches for the month 
being fairly evenly distributed. Between July 2 and 17 (fig. 6) no 
rain fell, and the mean maximum temperature was 100° F. for the 
15 days, causing the bound water to mcrease rapidly. After July 17, 
there were again light rains and until August 7 growing conditions 
wore favorable on the bottom land because of the combined effect of 
the rainfall and the runoff from the upland. During this period the 
bound water decreased. Because of the rapid runoff, the plants on 
the upland received very little benefit from the rainfall. Between 
August 7 and 16 the weather was again hot and dry, and this condition 
was soon reflected in the bound-water content of the roots from the- 
bottom land. The weatlier changes were not sufficu'nt to exc^rt much 
effect on the bound water in the roots of the upland samples. 

DISCUSSION 

Earlier reports on work* in this seric^s of experiments (0, 7) have 
shown that the carbohydrate content and the nitrogen content of 
the roots rise and fall with the development of new growth in th(^ spring 
or after cutting. It has also been shown (7) that when top-growth 
conditions in the fall are favorable for high food reserves and for the 
development of numerous and vigorous crown buds, tlier(‘, is a more 
vigorous top growth the following spring and an increase in the yield 
of hay from the first cutting. 

The physiological factors recorded in figure 5 suggest that the in¬ 
crease of carbohydrates in roots and buds and the high nitrogen content 
of the buds (table 2) are closely associated with the increase in bound 
water and the reduction in free water. It is definitely knovm that 
proteins are not fonned in the plant without a supply of carbohydrates 
as a constituent, as well as a form of energy necessary for the reduction 
of nitrogen (16). During the hardening period, between October 6 
and November 28, the rapid translocation of sugars from the roots 
increased the concentration of the cell sm in the buds, which tended 
to lower the percentage of total water. From October 6 to Januarv 2 
there was also a 20-percent increase in the amount of total water that 
became bound water. An additional factor in the reduction of free 
water was probably the high carbohydrate content in both the roots 
and the buds, which supplied the necessary energy for the reduction 
of the nitrogen, thus increasing the colloidal content of the buds. 
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SUMMARY 

The time of fall cutting has been shown to have a direct influence 
on the physiological processes that take place in the alfalfa plant. 

Fall cutting experiments conducted between 1035 and 1940 dealt 
directly with the proc(‘sses of the alfalfa plant that influence the initia¬ 
tion and growth of the*, crown buds and their relation to cold resistance. 
The factors studied included food reserve's, bound water, specific 
conductance of exosinosed material, total water, and dry matter. 

Both the number and the', development of the crown buds were 
influenced by the amount of fall top growth remaining on the plants 
during the fall, indicating the importancei of making the last cutting 
early enough to allow at least 6 inches of top growth to develop before 
the b(^ginning of the fall dormant period. 

Cutting practices favorable to high food storage were also favorable 
to enmm-bud development. Cutting practices arc also closely cor¬ 
related with the hard(‘>ning processes, as shown by the amomit of total 
water, bound water, and specific conductance. 

The hardening period, as shown by these determinations, extends 
from approximately September 1 to December 1, the most rapid 
changes taking place between October 1 and December 1. Some 
changes indicate that increased n^sistance occurred as late as January 1. 
During the hardening period a rapid hydrolysis of starch, the principal 
form of plant food storage, occurriKl, with a subsequent translocation 
of the resulting sugar to the crown buds. 

The average amount of total nitrogen in the roots was 1.98 percent, 
dry weight, and in the crown buds, 4.19 percent. The high nitrogen 
content of the crown buds may account in part for their high content 
of bound water. 

The decrease in percentage of total water was associated with the 
increased concentration of sugars and the high nitrogen content 
of the buds, which resulted in the further binding of the free water 
with protoplasmic compounds. 

The decrease in the tunount of free water to approximately 20 
percent of the total water and the increased concentration of sugars 
lowered the freezing point of the crown-bud tissue, as shown by the 
specific conductance test. 

The data presented in these and earlier experiments indicate 
that foo(l reserves are essential for developing cold resistance in 
alfalfa and from a practical standpoint can ne influenced by proper 
cutting practices. 
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MUSTARD OILS IN CRUCIFERS AND THEIR RELATION 
TO RESISTANCE TO CLUBROOT • 


By Mark A. Stahmann, research associate,^ Karl Paul TjINk, pro/t’ssor, Depart- 
merit of Biochemistry, and J. ('. Walker, professor,'^ Department of Plant 
Pathology, Wisconsin Agricultural Expcrime.rit Station 


INTRODUCTION 


It has boon shown by a nurnbor of workers (7, 23, 30, 3iy that thoro 
oxists within tht‘ Ch'uoifiTao a wide ran^o of rosistanc(‘ and susoopti- 
bility to tlio olubroot organism (Plasmodiophora hrassicae Wor.). 
Aftor a rathor oxtoosivc* anatomical study of the root striiotiiro of re¬ 
sistant and siisc(‘ptiblo variotios, Rochlin (23, 2Ji) showed that thoro is 
no basis for rosistanco to bo found in tho root morphology. Sho de- 
cidod, bocauso of an apparont correlation b(‘tweon mustard-oil content 
and I'osistanco, that th(‘ mustai’d oil in certain vari(‘ti('s and sp(‘cios was 
j*(‘sponsiblo for th(*ir ivsistanct* to olubroot on tho basis of tlu^ high 
toxicity of the isothio(yanat(‘S to micro-organisms (14, 6, 22, 33). Tho 
correlation was indicat<*d in a table listing a number of speci(*s and 
varirdies of cruoif(*rs, tho porcentagt? of inf(‘ct(‘d plants ri^cordod for 
each by various workers, and the relative amount of mustard oils 
reportt'd for the same forms. It should be pointed out that in many 
(;asos whore mustard oils wore listed as absent, a search of tin* literature 
lias revealed reports of the identification of mustard oils in thesis 
s])ecies. Rocdilin listed the absence of mustard oils in each of 3 varieties 
of cabbage (Brassica oleracea var. capitata L.) which she investigated. 
On the other hand, Grirame (10) report(‘d the pri‘sence of mustard oils 
in each of 10 varieties of cabbage which he studied. Likewise^, Rocldin 
listed the absence of mustard oils in Shiapis arvensis, but Rothea (25) 
reported mustard oils in this slant. The evidence which appeared to be 
the real basis for Rochlin’s e:^lanation consisted ])rin(upally of an 
experiment in which the volatile mustard-oil content of a numbei* of 
resistant and susceptible varieities was roughly estimated. This was 
done by noting the relative strength of the pungent odor arising from 
root-tissue macerates of resistant and susceptible plants. A correlation 
between the relative strength of the mustard-oil odor and resistance 
was reijorted. 

In view of the conclusions reached by Rochlin, it was decided to 
conduct a biochemical study of the mustard-oil fraction from the root 
tissues of varieties and species resistant and susceptible to clubroot to 
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determine whether the iso thiocyanates were a factor in determining 
this resistance. The present paper is one of a series having to do with 
resistance to clubroot in certain forms of black mustard (Bra^sica nigra 
(L.) Koch) and turnip (B, rapa L.). The determination of the rela¬ 
tive resistance to clubroot of these forms has been reported elsewhere 
(30y 31). Other species included for comparative study were white 
mustard (B. alba (L.) Boiss.), cabbage (B. oleracea ysly. capitatah.)y 
and horseradish (Armoracia rusticana Gaertn.) • , . . 

The first phase of this study represents a qualitative investigation 
of the mustard oils of resistant and susceptible forms to ascertain 
whether resistance could be ascribed to the presence of specific mus¬ 
tard oils. The second phase deals with the development of a chemical 
method of analysis for the estimation of mustard oils in plant tissue, 
and the application of this method to the quantitative determination 
of the mustard-oU content of resistant and susceptible root tissues. 
The third part is a study of the mustard-oil enzyme system in resist¬ 
ant and susceptible plants. 

EXPERIMENTAL RESULTS 

ISOLATION OF MUSTARD OILS 

The general procedure used was first worked out on the cortical * 
tissue of mature fleshy roots of turnip. This scheme with some modi¬ 
fications was later applied to the root tissues of other crucifers. 

Three kilograms of the fresh tissue, peeled from the roots, was ground 
to a pulp in a Nixtamal mill. The pulp was divided into four 750-gm. 
portions and each portion placed in a 5-liter steam distillation flask 
containing 1,500 ml. of water. A rapid exhaustive steam distillation 
was immediately carried out. Since the hydrolysis of the mustard-oil 
glycosides in root tissues occurs rather rapidly, distillation immediately 
after grinding usually gave slightly higher yields of mustard oil than 
distillation after a 3-hour period of maceration. After a 12-hour 
maceration period, yields were reduced to about one-fourth of the 
amount that could be obtained immediately after grinding. 

Since the amount of plant tissue available for this study was limited, 
it was decided to purify the mustard-oil fraction by crystallization of 
the corresponding substituted thiourea rather than by fractional dis¬ 
tillation of the very small amount of mustard oil that would bo ob¬ 
tained from the steam distillation. Accordingly, the distillate was 
collected in 2-liter receivers containing 25 ml, of concentrated ammo¬ 
nium hydroxide. To prevent loss of the volatile mustard oils, the 
condenser was fitted with an adapter which dipped below the level of 
the liquid in the receiver. From 3 kg. of tissue, about 6~liters of dis¬ 
tillate was collected. The distillate containii^ excess ammonium 
hydroxide was allowed to stand at room temperature for 12 hours to 
complete thiourea formation, and then extracted 12 hours with per¬ 
oxide-free ethyl ether in a continuous liquid-liquid extractor. 

The ether solution from 6 kg. of the cortical tissue of turnip roots 
was concentrated to about 100 ml., 200 ml. of 95^percent ethanol 
added, and the remaining ether removed by distillation. The light 
yellow alcoholic solution containing the thiourea fraction correspond¬ 
ing to the mustard oils in the distillate was treated with a small amount 

* The term “cortical" af use4 in this paper refers to the tissue of the turnip Beshy root obtained when an 
outer peel ahmX 2 mm. in thickness was removed. Anatomically such tissue Is not primary cortex but 
periderm, phloem, and possibly some secondary xylem 
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of carbon to remove some of the color. An excess of carbon was 
avoided since it might adsorb significant amounts of the thiourea 
fraction. The al(*oholic filtrate was concentrated under reduced 
pressure to about 25 ml. and transferred to a crystallizing dish. The 
solution w^as then heated on a steam bath and hot water added to the 
first point of turbidity. On cooling and slowly removing the alcohol 
bv concentrating in a vacuum desiccator, crystalline, diamond-shaped 
plates separated. This crude, water-insoluble thiourea fraction was 
collected by filtration in yields from 0.2 to 0.8 gm. depending on the 
variety used. This product was recrystallized from ethanol-water 
mixtures to a constant melting point, 130° to 137° C. Repeated 
attempts were made to isolate other thioureas from the mother 
liquors by extraction with different solvents, fractional crystallization, 
and high vacuum distillation, hut only the one product, could be 
obtained. 

CHAHACTERIZATION OF MUSTARD OILS 


The nu'lting point could not distinguish between the thiourea 
obtained from rf-secondary-butyl isothiocyanate, melting point 134° 
C., and that from /3-phen(‘thyl isothiocyanate, melting point 137° C. 
Both mustard oils have been isolated from crucifers {27). The mixed 
melting point with a synthetic sample of jS-phenethyl thiourea, the 
elementary analysis, and conversion of the isolated thiourea to the 
correisponding urea w('re used to distinguish between these two 
possible thioureas. Accordingly, a portion of the thiourea isolated 
from each species was converted to the substituti'd urea. In this way 
two derivatives of mustard oil could be obtained from the same 
sample. 

The conversion of tlu‘ thiourea to the substituted urea was carried 
out by a modification of the metliod of Bertram and Walbaum {3). 
Twenty milligrams of the thiourea was dissolved in 10 ml. of ethanol 
and a slight excess of O.l N barium hydroxide added. A slight excess 
of an aqueous solution of silver nitrate was then added ajid the 
mixture heated on a steam bath for 1 hour. The silver sulfide was 
removed by filtration and the urea extracted from the aqueous 
alcohol filtrate by ethyl ether. The ether solution was concentrated 
to about 2 ml. and 10 ml. of hot 95-percent ethanol was added. As 
the solution cooled and slowly concentrated in a vacuum desiccator, 
long needles separated. These were collected in a centrifuge tube, 
washed with an ethanol-w^ater mixture, and dried. The midtiug point 
was 112° C., which is the reported melting point of (S-phenethylurea 
(5). The reactions involved in the isolation and characterization of 
(S-phenethyl iso thiocyanate follow: 


CoHsCHjCmNCS 


NHs 2AgN03 

—c^flUscmcmNH -> 

^ Ba(OH)j 


C6UsCn2nHaNU+Ax2S ■fiBa(N03)3 


^•phenethyl ^-phenethyltliiourea /S-phenethyluroa 

isothiocyanate 


Analysis of ^jihenethyUhiourea (isolated) C9HJ2N2S 

Calculated: C-60.00 H-6.66 N-15.55 S-17.77 

Found: C-60.54,60.57 H-6.58, 6.70 N-15.85, 15.74 S-17.85, 

17.72 
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SYNTHESIS OF MUSTARD OILS 

For purposes of comparison with the material isolated from root 
tissues and for a study of its relative toxicity to fungi, a sample of 
jS-phenethyl isothiocyanate was synthesized according to the following 
scheme: 

CcHsCHsCl+NftCN+NaOH -- CsH-CHiON-l-NaCl 

Ni 

CamcnjrN+m -» r8HsCijj(^njNUi 


OULCUiCILNUs+CSj+KOri -► Cr.H5CHiCH2NH-f*HiO 

I 

KS 

() 

I! 

C6iisrH2C’H?Nn+f’ico(’.n5 -► fKci+cos 

c~s 

I 

KS 

Benzyl cyanide was prepared according to the metliod of Adams and 
Thai («9). This was reduced to /3-phenethylamine as described by 
Adkins {!), /3-phenethyl iso thiocyanate was prepared from 0 - 
phenethylamine according to the procedure of Slotta et al. {28). 

To a solution of 9 gm. of potassium hydroxide in 50 ml. of water 
under a reflux condenser was added 20 gm. of jS-phenethylamine and 
then 12 gm. of carbon disulfide. The flask was cooled in a water 
bath. After the reaction was complete (usually 10 to 15 minutes), 
16 gm, of ethyl chloroformate was slowly added. The flask was 
shaken occasionally to mix the contents and heated under reflux for 
30 minutes. The crude mustard-oil layer was then removed in a 
separatory funnel, dried over calcium chloride, and distilled under 
reduced pressure. The fraction boiling at 127° to 130° C. at 6 mm. 
was collected. From 88 gm. of /3-phenethylamine, 50 gm. of jS- 
phenethyl iso thiocyanate was obtained, a 26-percent yield. 

The tliiourea was prepared from the mustard oil by adding an 
excess of concentrated ammonium hydroxide to an alcoholic solution 
of the mustard oil. Five gm. of /S-phenethyl isothiocyanate was 
dissolved in 20 ml. of 95-percent ethanol and 50 ml. of concentrated 
ammonium hydroxide added. The mixture was refluxed for 1 hour, 
concentrated to 25 ml. under reduced pressure, and the crystalline 
product collected. The yield was 5.4 gm. or 98 percent. After 
reciwstallization from ethanol water the melting point was 136° to 
137° C. Since a mixed melting point with the thiourea isolated from 
turnip tissue showed no depression, the isolated product must have 
been identical with the synthetic product. 

Analysis of fi-phenethylthiourea {synthetic) C 9 H 12 N 2 S 

Calculated: C~60.00 H~ 6.66 N~15,55 S-'17.77 

Found: C~60.03, 60.54 H-6.60, 6.65 N~15.66, 15.64 S-17.77, 

17.81 

QUALITATIVE RELATIONSHIP OF MUSTARD OILS TO RESISTANCE 

Since it has been claimed that resistance to clubroot coidd bo cor¬ 
related with the presence of a characteristic volatile mustard oil in the 
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mot tissue of resistant (Tucif(u*s {23, 24), it was thought desirable to 
id(Uitify the mustard oils e.xisting in the roots of representative varie¬ 
ties of different spi'cies, resistant and susceptible to cliibroot. 

It should be pointed out that the isolated yield of crystalline thiourea 
is not to be considered an cxa(‘.t representation of the quantity of 
mustard oil or mustard-oil glycoside present in the plant tissue. Loss 
of mustard oil may occur through iiydrolysis or by reaction of the 
isotliiocyanah' gmup with other compounds in the tissue maciu-atc 
during the distillation. The amount of other volatile oils accompany¬ 
ing the mustard-oil fraction fluctuakul with the plant being studied. 
This variation made differing amounts of purification necessary for 
the isolation of crystalline thiourea. In some casi^s one or two recrys¬ 
tallizations yi(‘lded the pur(‘ thiourea. In other cases repeated re- 
ciystallization and decolorization with carbon or a liigh-vacuum dis¬ 
tillation were ne(*essary before the tliiourea could be separated from 
traces of an accompanying yellow oil. Hence, losses during isolation 
are not projiortionate or always comparable. Additions to turnip- 
tissue macerates of /3-phenethyl iso thiocyanate in amounts, from 
one-half to three tilings that previously isolated indicated that about 
,50 pc^rcent of that added could be recovered as crystalline thiourea by 
this isolation method. 

The mustard-oil fraction from the root tissue of the other crucifers 
was isolated as the substituted thiourea by the method described for 
turnip tissue, except that from 6 to 15 kg. of the whole, fresh roots 
yxvm ground and subjected to the steam distillation. In all the varic- 
ti(*s investigated in this study except hoi'seradish, the mustard oil iso- 
lat(*d was characterized as /3-phenethyl iso thiocyanate by (1) the 
melting point of the crystalline thiourea, 136° to 137° C., (2) the 
melting point of a mixture of the isolated thiourea with an authentic 
sample of jS-phenethylthiourea, and (3) the melting point, 112° C., 
of im urea obtained fn)m the isolated thiourea in the manner de¬ 
scribed for the makrial from turnip tissue. 

With all forms studied repeated attempts were made to separate 
oth(*r mustard oils as their tliioureas. But in only one case (horse- 
ra(lish) could a second mustard oil be obtained from root tissue. The 
small amount of total solids in the mother liquors and their low sulfur 
content would indicate that, if other mustard oils were pn^sent, they 
were to be found oiJy in comparatively minute quantities. That 
theses isolation methods w'ere capable of detecting other mustard oils 
was shown by the recovery from horseradish tissue of a second thi¬ 
ourea, that con*esponding to allyl isothiocyanak. When allyl iso¬ 
thiocyanate was added to turnip-tissue macerates in amounts ap- 
proximakly equal to the /3-phenethyl isothiocyanak content of the 
tissue, approximately half of the added isothiocyanak could be 
recovered as allyl thiourea after removing the jS-phenethylthiourea. 

The species and varieties examined in this study and the amounts 
of mustard oil recovered as thiourea are given in table L ^-phenethyl 
isothiocyanate was isolated and characterized from fresh and froni 
dried turnip root tissue. This mustard oil was isolated from each of 
four strains of black mustard and from one strain each of cabbag^y 
white mustard, and horseradish. Thus the same mustard oil has been 
shown to be the principal one present in the root tissues of both 
resistant and susceptible varieties of black mustard and turnip; m 
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Table 1. — The mustard oils isolated from roots of various crucifers differing in 
their resistance to cluhroot 


SpO(!H‘S 

Variety or collection 

Resistant or sus- 
C(H>tibli« to clubroot 

Amount of thiourea 
obtaini^d i>er kilo(;ram 
of fresh tissue 




^•phenethyl 

Allyl 

Turnip (lirassica rapa) . 

Black mustard (Braidca-niffra)^.. . 

White mustard (Ttrasdea nlha).. ,. 
Cabbaffc (Brassica olcracea capi- 
iata). 

Horseradish (Armoracia rndkava ),, 

fPurple Top Milan . -. 
tshopoin. - . 

ll4 ... 

15. . .. 

Jer.sey Queen_ _ 

Resistant . 

Susceptible . 

Resistant... . . 

.. do. -. 

‘ Susceptible . .. 

.. do . 

. - do , . _ 

do. . 

Resistant . 

MilUgra'm 

246 

85 

33 

30 

28 

30 

54 

104 

137 

MUlipramfi 

U 

0 

0 

0 

0 

0 

n 

0 

100 


cabbage and white mustard root tissue, where all varieties known are 
susceptible; in the root tissue of horseradish, which is usually reported 
as highly resistant; and in radish root tissue. It is evident, tlierefore, 
that this mustard oil is characteristic of root tissues of many erucif(‘rs. 

In the case of horseradish, whole, mature roots were ground in a 
hammer mill and then covered with water for 1 hour before distilla¬ 
tion. The isolation of j^-phencthylthiourea from the distillate w^as 
carried out as described for turnip tissue. In addition, allylthiour(»a 
was isolated from the aqueous mother liquors after removal of the 
/3-phenthylthiourea. These mother liquors were concentrated to dry¬ 
ness, the residue was dissolved in 100 ml. of hot absolute ethanol, and 
the solution was decoloriaed with carbon. On cooling and slowly 
concentrating in a vacuum desiccator, crystals separated. After 
recrystallization their melting point was 74° C. This coincides with 
the melting point of allylthiourea, and a mixed melting point wuth an 
authentic sample of ally thiourea showed no depression. 

The isolation of jS-phenethyl isothiocyanate from one variety of 
turnip root tissue has been previously reported by Kuntzo (15), The 
isolation of this mustard oil and ally! iosthiocyanate from horseradisli 
root tissue has been reported by Heiduschka and Zwergal (12) and 
by Pietschmarm {W). Bertram and Walbaum (3) found the former 
in root tissue mignonette {Reseda odorata L.). 

QUANTITATIVE ESTIMATION OF MUSTARD OILS IN PLANT TISSUE 

Studies of the quantitative methods for the determination of mus¬ 
tard oils were undertaken to develop analytical methods that could be 
applied to (1) the determination of the total mustard-oil content of 
root-tissue macerates as an estimation of the potential mustard-oil 
content of the tissue, and (2) a study of the rate of hydrolysis of a 
inustard-oi] glycoside substrate by tissue macerates as an estimation 
of the ipustard-oil enzyme activity of the tissue. It was thought that 
if mustard oils were concerned with resistance to clubroot, either the 
rajbe of their release by enzymatic hydrolysis when infection began or 
the tottd amount available might become limiting factors. 

Tho iit^ature gives various methods for the determination of 
muiptar^^OiJs, Most of these have been devised to estimate allyl 
isothiocymi<»it^ mustard seed or the mustard oil of commerce. The 
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estimation of the small amounts of mustard oil present in root-tissue 
macerates presented some difficulties that prevented the dircnd appli¬ 
cation of any single described method to this problem. In the develop¬ 
ment of the analytical scheme used in this study, a number of the 
methods of mustard-oil analysis that have been described in the litera¬ 
ture were studied {2, 4, 8, 11, 16, 17, 20, 29), purified samples of 
j3-phenethyl and allyl isothiocyanates being used. Th(‘ final sclieine 
made use of some of the steps in these methods, together with some 
new techniques. The individual experhnents on which each of the 
steps in these analytical schemes was based will not be described in 
d(‘tail. It will suffice to state that each operation was first studicnl 
s(‘parately to insure that it could be carried out quantitatively. Then 
the individual operations were combined and the entire scheme ch(‘cked 
against purified mustard oils and a mustard-oil glycoside. 

The method finally adopt(‘d for the estimation of the total mustard- 
oil content of root tissue is based on the following steps: (1) Kemoval 
of th(* mustard oil from the tissue macerate by steam distillation. 
(2) conversion to tin* thiourea, (3) extraction of the thiourea, with 
ether, and (4) estimation of the thiourea by measuring the silver 
consumed in precipitating tht^ sulfur by the Volhard titration. It is 
n^'ognized that this procedure may not givt^ an absolute measure of 
t h(‘ mustard-oil glycoside- content of the tissue because the (uizymatic 
hydrolysis does not go to completion. Furthermore, losses of mustard 
oil may oveur before or during the distillation by hydrolysis of the 
isothiocyanates, by condensation with other plant constituents, or 
by th<' action of a mustard oil enzyme system. However, it is believed 
that although the results may not be absolute, they will serve in 
coniparing tin*- total mustard oil or mustard-oil glycoside content of 
resistant and susceptible crucifers. 

Mature turnips were harvested and the fleshy roots washed and 
peeled. The cortical tissue was sliced and mixed. A sample was 
taken for the moisture determination. The sliced tissue was then 
ground to a pulp in a Nixtamal mill. Four 750-gm. portions (3 kg.) 
were weighed into 5-liter steam-distillation flasks and subjected im¬ 
mediately to exhaustive steam distillation. The condensers were 
fitted with an adapter and outlet which reached below the level of 
the liquid in the receiver. The receivers contained 50 ml. of con¬ 
centrated ammonium hydroxide in 200 ml. of water. Six liters of 
distillate was collected. The distillate appeared clear during the 
latter half of the distillation. The distillates were combined, stirred 
for 2 hours, and allowed to stand 12 hours to complete conver¬ 
sion of the mustard oil to the corresponding thiourea. The thiourea 
was then extracted from this aqueous solution with peroxide-free 
ethyl ether in a continuous liquid-liquid extractor. The ether solution 
was concentrated to about 50 ml. and transferred to a 500-rnl. volu¬ 
metric flask, using 25 ml, of ethanol and about 300 ml. of water to 
wash the contents of the boiling flask into the volumetric flask. The 
flask was then heated to about 60® C. to remove the remaining traces 
of ether. Standard 0.1 N silver nitrate solution (100 ml.) was then 
added and the contents mixed by swirling the flask. After the reaction 
mixture had stood 24 hours to complete the sulfide precipitation, the 
contents of the flask were brought to volume with water, mixed, and 
the precipitated silver sulfide mtered off through a dry filter paper. 
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One hundred-milliliter aliquots of the filtrate were acidified with 10 
ml. of 3 N nitric acid and titrated with standard 0.1 N ammonium 
thiocyanate solution ferric-ammonium alum being used as an 
indicator. The mustard-oil content of the tissue was calculated as 
jS-phenethyl isothiocyanate from the amount of silver removed as 
silver sulfide. 

Mustard roots were analyzed in a similar manner. The fresh, 
mature roots were dug, washed, and the whole roots ground in a Wiley 
mill. Because of the limited amount of mustard-root tissue available, 
the sample size was limit ed to about 1 kg. Distillation and mustard- 
oil estimation were carried out as described for turnip tissue. 

MUSTARD-OIL CONTENT IN RELATION TO DISEASE RESISTANCE 

The results secured with resistant and susceptible turnip and black 
mustard are given in table 2. It will be seen that no correlation was 


Table 2. — Mustard-oil content of root tissue of resistant and susceptible turnip and 
black mustard plants 


Specios 

Variety or collect i{tn 

Heslstaiu*!' 


f Snowball... 

Highly resistant 

.. do. 

... do. 

- . , do. 

Moderately resistant 
Very sus«‘pUble . . 

Resistant. 

Rustvptible. 

Turnip. 

Black mustard. 

White Milan.- . 

Purple Top White Globt*... 
Purple Top Milan ... 
Cowhorn— ... 

Shogoin. 

3. 

[14. 


Must aril 
oil I 


Pm:nf 
0. 019 
.01.5 
. 021 
.024 
. 020 
.017 
.010 
.Old 


t Expressed as /S-phenothyl isothiocyanate calculated on fresh weight. 


found between the resistance to clubroot of the strains from which the 
tissue samples were collected and the chemical estimation of mustard 
oil. 

In studies parallel with these, Pryor (21) had shown that when 
resistant mustard and turnip were grown in sand-nutrient cultures 
in which sulfur was omitted, tlie presence of mustard oils in the leaves 
could not be detected by taste, but resistance to clubroot was never¬ 
theless not broken down. It was of interest, therefore, to study the 
mustard-oil content of resistant and susceptible plants grown with 
and without sulfur in the nutrient. Stems and leaves were frozen 
with solid carbon dioxide, ground while frozen, and heated to 37® C. 
in water for one-half hour before distillation. Tlie distillate was 
collected in an excess of ammonium hydroxide. After conversion 
to the thiourea was complete, the distillate was extracted with ether 
and the analyses carried out in a manner similar to that used with 
root tissue except that smaller samples and less silver nitrate were 
used. 

The results are given in table 3. It will be seen that in all cases 
the mustard-oil content was reduced to a trace or a very small amount 
as compared with that in plants grown in a standard nutrient. Never¬ 
theless, the resistant plants remained resistant, and the susceptibh^ 
strains were heavily infected, accx)rding to Pryor (21), 

It is clearly evident that the total mustard-oil content of the 
crucifers studied was not related to their resistance or susceptibility 
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to cliibroot. Fiirth(^rinore, when the oil content was raised or lowered 
through nutrition, no measurable effect on infection and resistance 
was to be noted. 

Table 3. — Mustard-oil content of the stems and leaves of plants grown in sand^ 
nutrient culture with and without sulfur 


Spt'cij's 

V'ariely or colloc*tiou 

Resistance 

M ustard oil 1 deter- 
niined in plants 
grown— 




With 

sulfur 

Without 

sulfur 

Black mustard 

'rumip . . 1 

Ottblwgc. _. 

no . . . _ _ 

{h . i 

/1 'urplc I'op M ilan... 

tShogoiu . .. 

Jersey gucon . 

Resistant .. ..... 

Su.sceptihlj* . _. ...! 

Resistant_ ... I 

Su.sceptible . .. 

-do .... 

percent 

0.02fi 
.043 
. 003 
. 002 
.(HH 

i __ 

Percent 

0.005 

[ .002 
13) 

(2) 

.001 


' Expn‘ss(‘{l as ^-phenothyl isothiooyatiato calculatfd on fresh weight. 

2 Trace. 

MYROSIN ACTIVITY OF ROOT TISSUE 


7'he Mustakd-Oil Enzyme System 

Mustard oils occur in the plant cells in a conjugated form as 
glycosidi's. The beat known example of a mustard-oil glycoside is 
sinigrin (potassium myronate), which on enzymatic hydrolysis yit^lds 
1 mole of allyl isothiocyanate, (/(+)-glucose, and potassium acid 
sulfate according to the equation: 

o a o^K 

/ U 20 

('in^^CUCUjNr^C -> CIl2=CnCU2NCS+CeHi20c-|-KnS(>4 

\ M yrosin 

S—(^HnOj 

Potas- 

Siuigrin Ally! isothiocyanate Olueose 

suifate 

The enzyme system that effects this hydrolysis is called myrosin. 
It has been demonstrated to be widely distributed in the tissues of 
the crucifers and in some members of other plant families (^7). 
Neuberg (18)^ and Neuberg and Wagner {19) have shmvn myrosin 
to consist of two enzymes, a sulfatase which splits off potassium acid 
sulfate, and a thioglucosidase which splits the thioglycoside linkage. 
Sandberg and Holly (26) have shown by glucose determinations that 
hydrolysis by thioglucosidase proceeds only to a definite equilibrium 
value (66 percent), but sulfate determinations showed complete 
hydrolysis of the potassium acid sulfate. The equilibrium value has 
not previously been determined by mustard-oil analysis. 

The relative myrosin activity of plant tissue could be determined by 
measuring the amount of hydrolysis of a sinigrin substrate effected by 
a tissue macerate in a given time. To obtain the rate of mustard-oil 
liberation by the mustard-oil enzyme systems of resistant and suscept¬ 
ible plants, it was thought best to determine the allyl isothioc yanate 
liberated. For such a study it is necessary to allow the hydrolysis to 
proceed for a given time, then stop the reaction immediately without 
altering the concentration of the nydrolytic products, and deteimme 
one of the products (allyl isotliiqcyanate) by a chemical method that 
is not affected by the iinhydrolyzed sinigrin or other products from 
the tissue macerate. 
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The Determination of Allyl Isothiocyanate From the Hydrolysis 
OF Siniorin 

To d(»velop a chomical method to serve this purpose, a comparison 
was first made of some of the methods that have been described for 
allyl isothio(‘.yanate analysis of black mustard seed. Morvillez and 
Meesemeacker [17) have suggested the use of the absorption of iodine 
bv the seed distillate as an estimation of allyl isothiocyanate, the 
absorption taking place at the double bond of the allyl group. Meese¬ 
meacker and Boivin [16) have used the iodine method directly on 
filtrates from seed macerates and thus have eliminated the tedious 
steam distillation. Although this procedure has been questioned [11), 
it was considered feasible and practical for use in these studies since 
it would permit the rapid determination of the allyl iso thiocyanate 
immediately after stopping the enz 3 rmatic hydrolysis. The iodine 
absorption "procedure as modified by Viebeck and Brecker [29) was 
found to be most practical and to give accurate and reproducible 
results when applied to the analysis of purified allyl isothiocyanate. 
The allyl isothiocyanate is converted to allylthiourea by excess 
ammonium hydroxide and the iodine absorption by the allyl group 
measured. 

When this procedure was applied to the analysis of the hydiolytic 
products of a pure sinigrin substrate by a purified myrosin preqiaration, 
widely variable results were obtainea which wen^ much higher than 
the equilibrium value reported by Sandberg and Holly [26)> These 
results suggested iodine aosoiption by the unhydrolyz(d sinigrin, but 
when sinigrin was treated with ioaine under tlu^se (‘nnditions, no 
iodine absorption could be obseiwed. When sinigrin was first treatiul 
with excess ammonium hydroxide, as is done in tlu^se methods to 
convert allyl isothiocyanate to thiourea, and then treated with iodine, 
large but variable iodine absorptions were observed. When sinigrin 
was treated with a stronger base (0.1 N sodium hydroxide), a quanti¬ 
tative iodine absorption was obtained, and the solution gave a strong 
test for sulfate ions. No mustard oil could be detected in the alkaline 
solution. 

It was necessary, therefore, to separate the allylthiourea from tlu' 
hydi'olysis mixture before estimation of the allyltliiourea by iodine 
absorption. This was accomplished by ether extraction of the thiourea 
from the hydrolysis mixture in a continuous extractor after treatment 
with excess ammonium hydroxide. Iodine absorption then gave 
reproducible values which indicated that at equilibrium the myrosin 
had split off about 80 percent of the allyl isothiocyanate. The curve in 
figure 1 was obtained by measuring the allyl isothiocyanate released 
from a buffered (pH 7.2) solution of sinigrin by a fixed amount of a puri¬ 
fied myrosin preparation. The sinimn was prepared according to the 
method of Herissey and Boivin (75) and the myrosin by the method 
of Braecke [5), 

Determination of Myrosin Activity of Root Tissue 

Determinations of the relative myrosin activity of the root tissue of 
resistant and susceptible varieties of turnip and black mustard were 
made. With the turnip, separate determinations were made on the 
outer tissue, obtained by carefully peeling the fleshy root, and on the 
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Ficuue 1.—The eiizyinatic hydrolysis of sinigrin as measured by allyl isothio- 

cyaiiate formation. 

reniainiTig inner portion of the root. The fresli tumips were fjeeled, 
and 45 gm. of the ouUn* and 90 gm. of the inner tissue were taken for 
study. The samples were sliceil, then frozen in solid carbon dioxide 
and ground through a fine meat grinder wliile frozen. The tissue was 
allowed to thaw and ground further in a mortar with a little sand. 
This suspension was shaken for 12 hours with 75 ml. of a phosphate 
buffer at pH 7,2 and filtered. 

Ten milliliter of the filtrate which would contain the water-soluble 
myrosin was added to 10 milliliter of a 1-percent sinigrin solution in 
phosphate buffer at pH 7.2. This mixture was maintained at 45° C. 
for 105 minutes. Ten milliliter of concentrated ammonium hydroxide 
was then added to stop the hydrolysis and tlie mixture heated for 1 
hour at 70° C. to convert the mustard oil to the thiourea. The thiou¬ 
rea was extracted from the hydrolysis mixture by a 4-hour continuous 
extraction with ethyl ether. Twenty milliliter of water was added to 
the flask containing the ether extract and the ether evaporated by 
heating on a steam bath to about 60° C. The aqueous solution was 
neutralized to methyl red with dilute nitric acid and transfened to a 
250-milliliter iodine titration flask. Enough distilled water was used 
in washing the extraction flask to bring the volume to about 100 
milliliters. Then 10 milliliters of a solution of equal parts of 0,1 
N HCl and glacial acetic acid was added. Five milliliters of 0.02 N 
standard iodine solutipn was added from a pipette, the flask stoppered, 
swirled, and allowed to stand in the dark for 30 minutes. The unused 
iodine was then determined by titration with 0.01 N standard thio¬ 
sulfate. Blank analyses were made on solutions containing no added 
sinigrin to correct for iodine absorption by materials from the tissue 
extract. This absorption proved to be very low. 

The detemination of the myix)sin activity of mustard roots was 
carried out in a similar manner, except that the fibrous nature of the 
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roots necessitated a different techiiiaue in preparing the myrosin solu¬ 
tion. The mustard roots were dried oefore a fan at 25® C., then ground 
to fine powder in a Wiley mill. A 2-gm. sample of this ground root 
tissue was ground further in a mortar with sand, then extracted for 
12 iiours by shaking with 50 milliliters of phosphate buffer. Ten 
milliliters of the filtrate was added to the buffered sinigrin substrate 
and the determination carried out as for the turnip tissue, except that 
the time for the enzymatic hydrolysis was changed. 

The results obtained with aVesistant and a susceptible turnip variety 
and with two resistant and two susceptible black mustards are sliown 
in table 4. The activity is expressed as milligram of sinigrin hydro¬ 
lyzed per gram (dry weight) of root tissue in the time indicated. A 
longer time was necessary with turnip tissue to obtain sufficient 
hydrolysis for accurate determination. 

No correlation was found between myrosin activity nnd resistance 
to clubroot. 

Table 4. —Myroain ariivity of black mustard and turnip root tissue 


Dctorminatioi No. 


2 * 


3*. 


Variety or collection 

Resist.an(*»5 

Milligrams of sinigrin hydro- 
lyzi‘d per gram of root tisstie 
(dry weight) in - 

:M) min- 

Ut(»S 

120 min¬ 
utes 

480 min¬ 
utes 

Black mustard No. 3 . 

Resistant , 

17.4 

26.4 


Black mustard No. 10. 

do. 

11.6 

23.7 


‘ Black mustard No. 8 . 

Su.sceptiblc 

11.0 

24.2 


Black mustard No. 14 . . . 

.do. 

J3.4 

17.3 


(Black mustard No. 3 . - . . 

Resistant. 

3.0 

H.3 

20.1 

i Black mustard No. H . 

8u8cei)tible 


r». /) 

IS. 1 




IGf) 




Outer 

Inner 




tissue 1 

tissue 


/Turnip T-113 . 

Resistant. 

11. f) 

r>. :> 


\Tumip l-116-lx2n. 

Susceptible. 

2.10 

5.0 



< Plants grown in greenhouse, entire root system used for analysis. 

* Plants grown under field conditions, mature roots analyzed. 

* Turnip roots were divided into outer tissue, (largely jMjriderni and phlot‘m), and inner tissue (xylcm), 
and each portion was analyzed separately. Time of hydrolysis 1G5 minutes in all eases. 


DISCUSSION 

This investigation was undertaken because it had been claimed that 
specific volatile mustard oils in certain crucifers were responsible for 
their resistance to the clubroot organism. The mustard oils which 
occur in the roots of turnip, cabbage, horseradish, black mustard, and 
white mustard were isolated and characterized. This study showed 
that the more commonly known mustard oil, allyl isothiocyanate, 
which occurs in the seeds of black mustard in the form of the glycoside 
sinigrin, is not found in the roots of any of these crucifers except horse¬ 
radish. On the other hand, another mustard oil, /S-phenethyi isothio¬ 
cyanate, was found in the root tissue of each of. the crucifers 
mentioned. Presumably this oil occurs also as a glycoside and is 
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formed by hydrolysis of the glycoside by the prop(‘r enzyme system 
when the tissue is macerated. It has the same general degr(Hi of 
toxicity toward fungi as allyl iso thiocyanate. 

An intensive study was made of resistant and susceptible strains 
of black mustard and turnip. Quantitative estimation of the total 
amount of mustard oils in the roots of these plants failed to show 
correlation of isothio(*yanate content to resistance or susceptibility to 
clubroot. This fact might be interpreted as showing either that the 
mustard oils, though toxic to the pathogen, were* not responsibh* for 
resistanc(»; or that the enzyme system in the susceptible plants did 
not release the free* toxic oils from the nontoxic glycosides at the 
proper time or rate to be effective in imparting rc'sistance to the tissue. 
A further study of this thioglucoside-splitting enzyme system in 
resistant and susceptilile root systems showed no tangible relationship 
of enzym(» concentration or activity to resistanci'. or susceptibility. 

It is thus evident that, although mustard oils that are liighly toxic 
to fungus organisms, including the clubroot organism, may be obtained 
from the roots of many crucifers, they do not seem to inhibit infection 
or dev(>lopinent of the pathogen in these tissues. Furthermore, they 
are not responsible in any demonstrable way for the resistance of certain 
varieties and strains to the clubroot organisms. An opinion is thereby 
rc'emphasized which has been ]>reviously expressed {32)^ viz, tliat the 
pr(‘S(Uice of a toxic substance in the tissue is not proof that it functions 
in the ph(‘nomenon of disease resistance^. 

SUMMARY 

This investigation deals with the role of mustard oils in resistance 
to clubroot infection in the crucifers. A bioclumiical study has been 
made of the isothiocyanate content of root tissue as related to speci(»s 
and vari(ital resistance to invasion by Plasmodiophora brasnicae Wor. 
/3-phenethyl isothioevanate has been isolated from root tissue of re¬ 
sistant and susceptible strains of turnip {Bramm rapa) and black 
mustard f/f. nigra) and from susceptible strains of white mustard 
(/f. alba) and horseradish (Armoracia rusticana). jS-phenethyl iso¬ 
thiocyanate appears to be the principal mustard oil in the root tissue 
of manv crucifers, both those susceptible and those n^sistant to club¬ 
root. 

Previous methods for estimating mustard oil were found to give 
variable recoveries when applied to the estimation of the isothiocya¬ 
nate produced by the enzymatic hydrolysis of a mustard-oil glycoside. 
Improved analytical methods for estimating iso thiocyanates were 
developed and applied to a study of (1) the enzymatic hydrolysis of 
sinigrin, (2) the isothiocyanate content of turnip and mustard root 
tissue as it relates to resistance to clubroot, and (3) the thioglucosidase 
(myrosin) activity of resistant and susceptible root tissues. Quantita¬ 
tive estimation of the total mostard-oil content and the relative 
myrosin activity of root tissues failed to show any correlation of 
iso thiocyanate content or thioglucosidase activity to resistance or 
susceptiDility to clubroot. 

From these studies it appears that the mustard oils are not essential 
in enabling certain v^arieties of crucifers to prevent or retard clubroot 
development in their root tissues. 
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EFFECT OF CHANGE OF TEMPERATURE ON RELATIVE 
TOXICITY OF ROTENONE AND PHENOL' 

l^y W. A. (Ikrsdorff 

Asffociate chemist^ Division of Inseclichk hwestigations,- Burean of Eulomologn and 
Plant Quarantine, Agricultural Research Administration, United Stales Depart¬ 
ment of Agriculture 

INTRODUCTION 

In toxic.olo^ical studios condiiciod by Iho Unitod States Depart¬ 
ment of Agriculture in which the goldfish {Uanmmti auraiuH) lias 
been us(‘d as the test animal, the temperature ri'gularly employed has 
beeji 27® C., as sp(‘cifi(*d when this metliod of study was described (6').*^ 
This temp(M*ature may have* to be loweri'd, however, because of the 
rapid (hwelopment of bact(Tial diseases in fish stock k(*pt at such a 
high temperature in the dechlorinated water that is now used. Con- 
s(‘qu(‘ntly, experiments were undertakcui in the hope of finding some 
ord(‘rly r(‘lationshi])s that might permit correlation of comparisons 
at one t(‘m[)(‘ratiir<‘ with those at anotluu*. 

EXPERIMENTAL PROCEDURE 

The test substanc(‘s chosen W(»re rotenone and plumol, because 
thes(‘ had been usihI as standards of comparison in previous work and 
also b('(‘ause the>' dffler gri'atly hi typi* of toxic action, th(‘ former 
being toxic to goldfish at very low concentrations but relatively slow 
in action, and the lattiu* requiring much higher concentrations and 
b(‘ing much more rapid in action. The samples used were clnunically 
pui’c. All test solutions of phenol W(*rc made from a o-jiercent 
aqueous stock solution, but thosc^ of rotenone were made as usual 
from aeetonic stock solutions. The higlu'st concentration of rotenone 
showed a faint opal('Scen<*e, indicating that the limit of solubility had 
b(‘eu passed. 

Toxi(‘.ological tests were made on each compound at a constant 
temperature in tlu^ usual manner (6*)—that is, survival time was 
determined at a number of concentrations -but in addition a third 
variable was introduced by repeating the tests at different^ tcunpera- 
ture levels. The goldfish, a single lot obtained from one pond and 
weighing between 2 and 4 gm. each, wer(‘ acclimated to laboratory 
conditions, having been held at 7® 0. for 6 weeks, and were* active 
and feeding well despite the low temperature. T(‘sts were' run at a 
constant temperature of 7°, and then the temperature of the stock 

> lleceived for v)ablicatioR July 1, 1942. 

2 The writer Is now with the Division of Control Investigations. 

8 Italic numbers in parentheses mfer to Mterature Cited, p. 80. 
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tanks was raised slowly to 12® and held tliere for a week before the 
tests at this level were begun. The procedure was then repeated, 
the temperature being raised in 5® increments up to 27®, and the fish 
were acclimatized by holding them at each temperature a week 
before starting the tests at that level. This acclimatization has au 
important stabilizing effect on the survival time. 

Since the elapsed time before testing, and therefore the ago of the 
test animal, increases as th(» temperature is raised, any changes may 
be thought to be a function of age as well as temperature. The 
writer has found, however, that for a relatively long-lived organism, 
such as the goldfish, held under the conditioiis of these tests, such a 
variation in age causes no significant dilference in toxicity measure¬ 
ments. 

EXPERIMENTAL RESULTS 

TOXICITY IN RELATION TO TEMPERATURE 

The results of ilic tests are assembled in tabli‘s 1 and 2. A rc^ady 
paphical comparison of the toxic action as expressed by these' data 
is permitted by the survival-time and velocity-of-fatality (‘urves in 
figures 1 and 2. The reciprocal nature of the two t\pes of curv(*s 
resulting from the use of the geometric mean allowed ih(' use of inter¬ 
mediate points, obtained by interpolation, wh('r(‘ they were of advan¬ 
tage in locating parts of the velocity-of-fatality curve's. 



_ >.000 _ SURVIVAL TIME (MINUTES) 

GEOMETRIC MEAN SURVIVAL TIME GEOMETRIC MEANS 
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Figure 1 , —Survival-time {A) and velocity-of-fatality {B) curves for rotenone. 
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Fiqubb 2.—Survival-time (^4.) and velocity-of-fatality (B) curves for phenol 
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Table 1 . —Toxic action of rotenone on goldfish at different temperatures 


Temperature 

rc.i 


7.0±0.4 


12.0i:0.4 


17.0±().3 


'22.0-t0.3 


27.()i:0.2 


Concen¬ 

tration 

i 

! FislUis 

1 us(‘d 

Mean 
length 
of fishes 

M(‘an • 
weight 
of flshc.s 

Moan survival time 2 

1.000-r 

geo- 

metric 

mean 

Mean of 
1,000* 
survival 
time 

Arithnu'tic 

1 .. . . 

Geometric 

MiUi- 

1 

i 

1 






1 

(/rams 









i 

per lUer 

Number 

meters 

Grams 

Minutes 

Min iites 



3.20 

10 

41 

2.1 

5fi4±20 

5.57 


/1.04 

1.80 

1.81 

! 2.00 

14 

42 

2.3 

541±I2 

.537 


1.02 

1.86 

1.87 

1 1.00 

13 

43 

2.4 

604±15 

600 


1.02 

i.b: 

1.68 

1 . (iOO 

13 

43 

1 2.4 

922±17 

918 


1.02 

1.09 

1.10 

. 400 

13 

43 

2.4 

968±22 

96;i 


1.02 

1.04 

1.05 

!, . 200 

15 

43 

2.4 

1. 117=tl6 

1,115 


,1.01 

. 897 

. 900 

1 . 150 

16 

44 

2.6 

1.278dr41 

1,262 


1.0.3 

.792 

.801 

; . 100 

12 

45 

2.8 

1.614±84 

1.562 


1.05 

.644 

. 663 

I . OSOO 

12 

44 

2.6 

1.883±il(} 

1. 801 


1.06 

. 555 

. 574 

j . (M)00 

11 

43 

2.4 

2,244±183 

2.117 


1.07 

.472 

.494 

1 .0500 

12 

45 

2.8 

2.340*174 

2.210 


1.07 

. 452 

.474 

; .0200 

12 

45 

2.8 







]/ 2.00 

12 

43 

2.4 

330*17 

318 


/1.05 

3. i4 

3.24 

1 1.00 

12 

44 

2. 6 

;«5*23 

368 


1.07 

2. 72 

2.85 

1 .800 

15 

43 

2.4 

488*30 

462 


1.07 

2.16 

2.30 

; . 400 

16 

44 

2,6 

533*28 

510 


1.05 

1.96 

2.04 

.100 

16 

41 

2.1 

586*23 

576 

,x 

1.04 

1.74‘ 

1.79 

( . 120 

:io 

43 

2.4 

691*22 

669 


1.03 

1.49 

1.54 

. 090 

16 

45 

2.8 

709*41 

(‘.75 


1.05 

1.48 

1.53 

. 0800 

16 

43 

2.4 

1.051*72 

991 


1 07 

1.009 

1.059 

. 0000 

16 

42 

2 3 

1. 191*80 

1.131 


1.06 

.884 

.W1 

. 0400 

14 

42 

2.3 

1.842*101 

1,767 


I 1 .O 6 

566 

.587 

.0100 

16 


('1 

(i) 






>/ 1 00 

16 

43 

2.4 

2211*7 

220 


i.03 

4. 55 

4.61 

' . 800 

, 16 ! 

' 42 

2. 3 

248*8 

244 


1.03 

4,10 

I 4.18 

. 400 

1 15 ; 

43 

i 2.4 

275*13 

264 


1.04 

3.79 

3.94 

. 300 

17 i 

43 

: 2.4 

319*15 

3(H) 


1.05 

3. 24 

1 3.34 

.240 1 

t 17 

43 

i 2-4 

365*18 

351 


1.05 

2.85 

2.96 

7 . IW) 

17 

42 

! 2.3 

414*22 1 

398 


1.05 

2. 51 

j 2. (i2 

!] 120 

20 

42 

! 2.3 

461*25 ; 

437 


1 06 

2.29 

! 2.40 

: . 100 

20 

43 

2 4 

512*29 ; 

485 


1.05 

2.06 

i 2.16 

1 .08(N) 

17 

43 ! 

i 2.4 

6.56*42 i 

618 


1.06 

1.62 

: 1.70 

1 . (HiOO 

18 I 

42 

1 2.3 

725*46 ; 

678 


1.06 

1.47 

1 1.55 

0400 

16 

45 

2.8 

1,360*134 1 

l,209j 


1.05 

.827 i 

. 923 

;v .0100 

16 

(•) 

(♦) 

(®) 






1/ 1.20 

15 

43 

2.4 

128*5 ! 

126 


^.’ 04 ': 

7.94 

8.15 

; . 0(M) i 

15 

44 

2.6 

143*11 

1.33 


1.06 ; 

7.52 

7.95 

I . 400 

14 

43 

2.4 

153*5 : 

150 


1.04 : 

6.67 

0. 76 

1 . 200 

13 

43 

2.4 

Ui8*10 1 

161 


1.06 < 

6.21 

6 45 

7 . 100 

17 

44 

2 6 

245*13 ' 

2:15 


1.05 : 

4.26 

4.44 

1 • 120 

17 

43 

2.4 ' 

284*16 1 

268 

' 

1.06 ; 

3. 73 

3.99 

1 .0800 

18 

43 

2.4 J 

344*19 

32:1 


1.06 j 

3.10 

3.33 

i .0000 

12 

43 

2.4 1 

619*;i8 ; 

.596 


1.07 ! 

1.68 1 

1.76 

i . 0353 

17 

45 

2.8 ' 

855*60 : 

784/ 


1.07 1 

1.28 ! 

1.38 

jv .0100 j 

12 

44 

2.6 ! 

(0 1 




1 


( 1.20 

14 ! 

43 

2.4 

83*2 ! 

“''82\ 


1.03 i 

12.2 , 

12.4 

, . 600 

15 1 

43 

2.4 

90*3 i 

90 


1.03 ; 

11.1 1 

11.3 

i . 400 

13 1 

43 

2.4 

112*4 1 

III 


1.03 1 

9.01 1 

9.13 

i . 200 

18 ! 

41 

2.1 

128*6 1 

I2;i 


1.04 i 

8.13 

8.;« 

! . 160 

16 1 

40 

2.0 

130*7 ] 

125 

,x, 

1.05 i 

8.00 

8.25 

l{ . 120 

15 

41 

2.1 

148*4 1 

145 

J- 

1. 03 

6. (K) 

7 02 

. 0800 

16 

43 

2.4 

223*19 : 

203 


1.09 

4,93 

5.42 

. 0750 

18 

43 

2.4 

240*16 ! 

224 


1.07 ! 

4.46 

4.75 

. 0600 

15 

42 

2.3 

202*15 i 

249 


1.06 ! 

4.02 

4.22 

.0400 i 

14 

45 

2.8 

506*51 1 

439/ 


1. 13 i 

2.28 

2. 73 

.0100 1 

12 

0 ) 

0 ) 

<■' 1 



.j 




1 Estirnativl from lensth, whioh measurement exclmlcs the (jaudal ftn. 

* The limits of error indicated are probable (»rrors of the means. In the case of the arithmetic means they 
areiliffcjrences from the moans; in the case of the Keoraetrie means they are ratios to the means. 

»3 killed in 40 hours, 2 sUghtly affected; 7 apparently unaffwted after 50 hours. 

* The fi.shes were not measured but were of ai)proximatcly the same size. 

* 1 killed in 30^ hours; others apparently unaffected after 51 hours. 

® Apparently unaffected in 51 hours. 

7 Apparently unaffecte<i after 50 hours. 

> Apparently unaffected after 30 hours. 
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Table 2. — Toxic action of phenol on goldfish at different temperatures 


Temperature 

rc.) 

Concen¬ 

tration 

Fishes 

used 

Mean 

length 

of 

fishes 

Mean i 
weight 
of 

fishes 

Mean survival time * 

l,0(X)-h 

geo¬ 

metric 

mean 

Mean of 
1,000-5- 
survival 
time 

Arithmetic 

1 Geometric 


Qrams 


MiUi- 









per liter 

Number 

meters 

Grams 

Minutes 

Minutes 




1.75 

10 

43 

2.4 

50±2 

4£ 


fl.04 

20.4 

20.7 


1.46 

I 

42 

2.3 

61 ±3 

59 


1.06 

16.9 

17.4 


1.22 

10 

42 

2.3 

59±3 

67 


1.05 

17.5 

18.0 


.980 

12 

40 

2.0 

73±3 

71 


1.04 

14.1 

14.4 


.855 

1 12 

44 

2.6 

85±5 

83 


1.06 

12.0 

12.5 


.739 

! 10 

42 

2.3 

103±7 

1(X) 

,x 

1.07 

10.0 

10.4 

7.0±0.3.. 

( . 655 

1 14 

43 

2.4 

129=b7 

125 


1.06 

8.00 

8.33 


.617 

12 

42 

2.3 

143^:4 

140 


1.03 

7.14 

7.14 


.570 

13 

43 

2.4 

143±5 

141 


1.04 

7.09 

7.24 


.495 

10 

43 

2.4 

156dbl0 

150 


1.07 

6.67 

6.91 


.454 

12 

44 

2.6 


184 


1.03 

5.43 

5.51 


.397 

14 

42 

2.3 

m±u 

217 


U.05 

4.61 

6.17 


.372 

11 

(3) 

C) 

* >360 

>3 

k) 

<2.78 

<2.78 


1.75 

10 

44 

2.6 

27dbl 

26 


fl.lM 

38.5 

.38.8 


1.46 

10 

41 

2.1 

32±2 

31 


1.06 

32.3 

33.1 


1.22 

11 

43 

2.4 

40dt2 

39 


1.04 

25.6 

26.2 


.980 

10 

44 

2.6 

43±2 

42 


1.05 

2 : 1.8 

24. 6 


.820 

11 

45 

2.8 

50db3 

48 


1.05 

20.8 

21.4 


.739 

13 

41 

2.1 

59i:3 

56 

,X 

1.06 

17.9 

18.7 


.658 

12 

43 

2-4 

69±4 

67 

/-r 

1.07 

14,9 

15.7 


.593 

10 

42 

2.3 

79±4 

76 


1.06 

i;i. 2 

13.7 


.495 

12 

42 

2.3 

IHdtS 

112 


1.04 

8.93 

9.24 


.446 

15 

44 

2.6 

136^10 

125 


1.09 

8.00 

8.93 


.397 

12 

44 

2.6 

248zhl7 

233 


i.os 

4.29 

4.57 


.372 

14 

45 

2.8 

»28:i=fc24 

260 


I 1 .O 9 

3.85 

4.13 


1.75 

10 

43 

2.4 

20:i:l 

20 


/1.05 

.50.0 

51.8 


1.46 

1 11 

44 

2,6 

22±l 

22 


1.06 

45.6 

48.0 


1.22 

11 

43 

2.4 

22^:1 

2) 


1.04 

47.6 

46.6 


.980 

10 

42 

2.3 

23d:2 

23 


1.06 

43. 6 

44.4 


.820 

12 

42 

2.3 

33±2 

32 

X, 

1.06 

31. 

:i2.7 

17.0J:0.2., 

.739 

14 

43 

2.4 

39±.2 

38 

4 -' 

1.06 

26.3 

27.8 


.593 

11 

42 

2.3 i 

51 ±2 

49 


1.05 

20.4 

20.8 


. 495 

10 

42 

2.3 

84i:7 

76 


1.10 

13.2 

15.1 


,461 

14 

40 

2.0 

181 ±26 

141 


1.14 

7.09 

8.66 


,441 

15 

« 43 

2.4 

167±14 

I 49 J 


ll.09 

6.71 

7. ,58 


.397 

27 

{») 

(3) 

«>325 

>290 

<3.44 

4.0- 3.:i 


.372 

14 

(3) 

(») 

7 >360 

>3(K) 

<3.:w 

3.4- 1.9 


1.46 

10 

42 

2.3 

14±1 

14^ 


fl.05 

71.4 

74.2 


1.22 

10 

44 

2.6 

18±1 

17 


1.04 

58.8 

58.0 


.980 

10 

43 

2.4 

18±1 

18 


1.06 

55.6 

58.4 


.739 

13 

43 

2,4 

20±1 

19 


1.06 

52.6 

54.1 


.617 

6 

44 

2,6 

26±1 

26 


1,(W 

38.5 

39.1 

22.0±0.2. \ 

.593 

12 

40 

2.0 

26±2 

24 


i.tm 

41.7 

43.6 


.495 

19 

43 

2.4 

44±3 

40 


1.09 

25.0 

27.7 


.441 

13 

42 

2.3 

60±4 

46 


1.10 

21.7 

2 : 1.8 


.397 

15 

46 

2.8 

82±5 

77 


l.(H'. 

13.0 

13. 5 


.372 

24 

43 

2.4 

122±12 

101/ 


1.10 

9.90 

11.8 


.346 

15 

42 

2.3 

«>204 


>110 

<9.09 

11.1-10,5 


1,46 

10 

41 

2.1 

12±1 

12\ 


1.04 

8:1.3 

86.7 


.980 

10 

43 

2.4 

14±l 

14 


1.04 

71.4 

76.0 


.739 

12 

41 

2,1 

14±1 

14 


1.04 

71.4 

74.6 


.593 

13 

41 

2.1 

17±l 

16 


1.07 

62.6 

67.7 


.495 

14 

40 

2.0 

20±2 

18 

X. 

1.09 

55.6 

59.8 

27.0d=0.2.< 

.372 

14 

42 

2.3 

35±3 

33 


1.06 

30.3 

32.2 


.346 

16 

39 

1.9 

43±2 

41 


1.07 

24.4 

27.3 


.298 

16 

42 

2.3 

60±11 

37 


1.11 

27.0 

32.3 


.249 

16 

39 

1.9 

66±6 

54 


1.08 

18.6 

22.0 


.199 

14 

40 

2.0 

86±14 

63/ 


1.11 

16.9 

18.6 


.026 

6 

(’) 

C) 

(») 







» Estimated from length, which measurement excludes the caudal fin. 

2 The limits of error indicated are probable errors of the moans. In the case of the arithmetic means they 
are differences from the means; in the case of the geometric mean.s they are ratios to the means. 

»The fishes were not measured but were of approximately the same size. 

* 27 percent killed in 8 hours, 
f 86 percent killed in 8 hours. 

«68 percent killed in 8 hours. 

^ 60 percent killed in 8 hours. 

«67 percent killed in 8 hours. 

* Slight effect but not lethal in 8 hours. 
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Since this work Avas dosigjied to study toxicdty well witliin the range 
of toxic concentrations, little information was obtained whkdi bears on 
the difficultly determined thresholds of toxicity. It is obvious that 
within the range studied there is a decidcul in(u-(?use iii" apparent 
toxicity with increase in temperature between 7° and 27® C. 

QUANTITATIVE COMPARISON OF TOXICITY 

For the conipai*isons of toxicity the measure proposed by the writer 
in 1935 (7) and used in subsequent work was adopted. This measure, 
the minimal product of concentration and survival time, ignores tiie 
tolerance parameters and considers toxicity only in the range of most 
efficient action with resjx'ct to both variables. Its value may be 
determiiK^d by calculation from the survival-time curve or graphically 
from the velocity-of-fatality curve by drawing the maximal tangent 
to the curve from the origin, as indicated with broken lines. In tin* 
latter case the vahn* of tlie slope of this line is the reciprocal of the 
minimal product, and expresses the great(‘st ratio of dilution to 
survival time. 

The data for comparison by this criterion arc given in table 3. The 
minimal product of concentration and survival time is designated by 
ejm and, since toxicity varies inversely with this value, its reciprocal 
is also given. Its coordinates, Cm and tm, ai*e given so that the region 
aijproximating this condition may be locat(‘d readily in the graphs. 
The ratio of incr(‘ase of toxicity is based on the toxicity of phenol at 
7® C. as unity. The value for ilcmtm used as the base for the rotenone 
series was H.12 liters per gram per minute, calculated with the aid of 
the mean value for relative toxicity, 0.00181. This procedure was 
used because the determination of the actual value for rotenone at 
7® must have a relatively large error, owing to the difficulty of reading 
such long survival times and the use of the comparatively small 
number of fishes. 

Table 3.-- Uelaiive toxicity of rotenone and phenol at different temperatures 


ROTENONE 


TnnnorHture 

1 

C m 

i fm 

I 

' e mt m 

1 

! I'oxicity 
i 1 

Cmt m 

Kelalive 
toxicity 
phenol to 

1 rotenoTK' 

Ratio of 
increase of 
toxicity 

i 

Relutixe 
effect of 5® 
increment 




Oram- 

Literx per 





Millifframn 


minuter 

grnrn jm 





per liter 

Mijintee 

]jer liter 

minute 

Percent 



7 ... 

0.045 

2, .500 

0.113 

8.8.5 


1.09 


12 

.080 

910 

.0728 

13.7 


1.69 

1..5.5 

17 . . 

. 070 

fiOO 

.0420 

23.8 


2.93 

1.73 

22. 

.080 

1 .S.'iO 

.0280 

35.7 


4.40 

1..50 

27. 

. 070 

223 

.01,56 

(•4.1 


7.89 

I 80 


PHENOL 


7. 

1,000 

68 

68.0 

0.0147 

0.166 

1.00 


12 . 

900 

44 

39.6 

.0253 

.185 

1.72 

i.72 

17. . . 

960 

25 

24.0 

.0417 

.175 

2.84 

1.65 

22 , 

600 

21 

13.0 
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STATISTICAL ANALYSIS OF CORRELATION BETWEEN RELATIVE TOXICITY AND 

TEMPERATURE 

Because of the nice relationships found in the foregoing study of the 
freehand curves, it is dc^sirable to go beyond the mere determination of 
an average of variation of the mean survival times and seek information 
on tlie precision of the minimal ct measurements. 

If the minimal ct measurements are estimate's of a parameter 
defining a characteristic of this population, there should be some 
orderly relationship between the relative toxicities of the tv^o com¬ 
pounds at different temperatures. If such a relationship is sought 
between two substances of such different mode of action, it seems 
logical to exclude from tli(‘ statistical comparison the (*xtremes of 
action, where the two variables vary so disproportionately. To the 
extreme left in the direction of diminishing concentrations, the use¬ 
fulness of time measurements decreases until at the thresholds th(‘ 
comparison can be one of concentration alone and the ratio of lelativc* 
toxicity is expanded its widest in favor of the compound evincing 
greater toxicity from the concentration aspect~in this case rotenoiu'. 
To th(' extreme right in the direction of increasing concentrations, the 
usefulness of concentration measunments decreases until the compari¬ 
son may become one of time alone, and if oiu' of the compounds is a 
relatively fast-acting toxicant, as is phenol in this case, not only nun 
the ratio vary greatly but even the order of toxicity may be reversed. 
To bring into consideration the spheres of such adverse infliu'nces 
will at< least weaken the stability of the parameter to be estimat(‘d by 
this criterion. Therefore, in each case the concentrations sc'lected for 
statistical treatment from the data in tables 1 and 2 are in a range 
which corresponds to as many points on the curve as affect the location 
and evaluation of the minimal ct point without bringing in tlu' adverse 
effects of the extremes. This range was judged to be delimited by tlu'. 
use of 140 percent of the Cmtm values (table 3) as the maximal product 
of concentration and survival time. 

To evaluate the sampling errors of the l/cjm estimations, curves 
that might fit the variates were studied. A s(»milog curve, obtained 
with the use of logarithms of concentrations and reciprocals of sur¬ 
vival times, was found to be well adapted to such treatment. Straight 
lines were fitted by the method of least squares to the data within 
the stated range of concentrations. Thc'se regression lines are di*awn 
and the complete semilog curves indicated in figure' 3. The regi*es- 
siori equations arc given below. For rotenone A"' is 1,000 times the 
concerntration in milligrams per liter; for phenol X is 100 times the^ 
concentration in grams per liter. For both compounds T is 1,000 
divided by the survival time in minutes. 


Tomporature (® C.) For rotenone For phenol 

7- y= - 0.7646 + 0.7152 log X y= -41.04 + 27.56 log X 

12. y= -2.748 + 2.068 log X y= -75.14 + 50.02 log X 

17. y= -3.623 + 2.864 log X y= -109.2 + 74.13 log X 

22. y= -8.241 + 5.994 log X y= -151.4 + 107.5 log X 

27. y= -10.964 + 8.539 log X y= -206.3 + 153.1 log X 


The minimal products arc given by those tangents to the curves 
expressed by these equations which pass through the origin; their 
values are determined with the use of the knowledge that these 
tangents are the first differential coefficionts of the curves. 
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FiauRE 3.—Regression of reciprocal of time on logarithm of concentration for 
rotenone {A) and phenol (R) at different temperatures. 
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Since the curves are completely specified by two factors, slope and 
position, the error (estimates of each factor will contribute to the error 
of the minimal ct products. The latter may ho calculated in two 
ways^: (1) From the method of extremes, using a sampling range 
of '±1 standard error for each factor and combining them; or (2) 
from the equation 

S (iu percent) 

in which S denotes the standard error of the reciprocal of ejm] Sy, 
the standard enor of the mean reciprocal of survival time; the 
mean log concentration; Cm, the concentration correspondii^ to the 
minimal ct; S^,, the standard error of the regi’cssion coefficient, b. 
S is actually the relative error of lltm) but since all the error is derivt'd 
from the determination of the value of this variate, it may be re¬ 
garded as the relative error of the reciprocal of ejm^ T^he first 
method also permits ready estimation of the sampling variation of 
location of the minimal d product. The two methods gave prac¬ 
tically identical results, and the second was, in fact, used througliout 
as a check. 

The results of this statistical analysis are given in table 4. The¬ 
ra tios for increase of toxicity were calculated in the same manner as 
for table 3. In this case, however, the base for tin* rotenone stoics 
is 9.038 liters per gram per minute. 

It is apparent that, insofar as the actual ratios are concerned, there 
is little choice between the method of freehand curves based on geo¬ 
metric mean survival times and concentration and tiie statistical 
method of linear rt^gressipn computed from reciprocals of survival 
time and logarithm of concentration. There is a definite and regular 
increase, though small, in the llCmtm values for rotenone obtained by 
the latter method over those obtained by the former, because in sucK 
distributions the reciprocal of the harmonic mean is always slightly 
larger than the reciprocal of the geometric mean, and the difference 
near the critical point is relatively gi*eater in the case of rotenone. 
This difference results in a slightly lower mean (0.16 percent) for the 
toxicity of phenol as compared with that of rotenone, than is obtained 
with the use of geometric means (0.18 percent). The statistical 
method produces ratios showing slightly more regular effects of increase 
in temperature. The errors for the minimal ct products estimated by 
this method show the phenol values to be determined with more 
precision than those for rotenone; those for the former vary from 2.5 
to 4.2 percent whereas those for the latter vary from 5.0 to 7.4 percent 
from 12® to 27® C. and jump to 14.3 percent at the 7® level. The 
determination in the last instance was difficult because of the necessity 
for reading extremely long survival times, and the location of the 
Cmtm point appears to be, in a sense, slightly extrapolative as recorded. 


* The equation was developed by 0. M. Smith and the other method was suggested by F. M. Wadley, 
both of this Bureau. Grateftil aeknowledgment is also made for other helpful suggestions by them in the 
statistical treatment of the data. 
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DISCUSSION 

Two conclusions can be drawn at once from the results. Despite 
the great dissimilarity ui the toxic action of rotenone and phenol, 
when measured by this criterion the increase in toxicity with increase 
in temperature is proportionately the same for each compound, and 
the ratio of increase is the same for each 5° increment between 7® 
and 27° C. It follows that rotenone and phenol have the sanie 
relative toxicity when measured at any temperature level in this 
range. The geometric increase in relative toxicity with arithmetic 
increase in temperature is shown in figure 4. The etpiation for both 
compounds, determined by the m(4ho(l of least squares, is 

in wliich Rt is the ratio of toxicity at temperature .T° to that at 7°. 
When the values are expressed in liters per gram pcT minute, the 
specific equations for toxicity at temperature T° are, for rotenone. 


and for phenol. 






0.00736e«-‘"« 


Thus, for each compound, the logarithm of th(‘. value for toxicity is a 
linear function of the temperature. 



Fiouk» 4. —Increase in toxicity of rotenone and phenol with increase in tempera¬ 
ture in the range 7® to 27® C. 


If relative toxicity as measured by this method is independent of 
the temperature at which comparisons are made, the temperature 
effects found above must be due solely to acceleration of one or more 
physiologic>al processes in the test animal. In this case the con- 
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trolling factor would most likely be a respiratory phenomenon. To 
make comparisons with temperature coefhciiuits for respirator^' 
processes report'd in the literature {2, 4i 9, 10, 11), the ratio oi 
increase of effect for a 10° C. increase in temperature was cal¬ 
culated for the two substances, as shown in table 4. 

It may be noted that the increase in toxicity is 2.7-fold for a rise of 
10°, and is so nearly constant that we most likely have to do here with 
a simple and not a complex reaction. This value is about the usual 
ratio of increase in the velocity of a chemical reaction with rise in 
temperature. In fact, the results obtained over the temperature 
range given agree well with the relation between the rate of a ch(unical 
reaction and temperature as expressed b;y Van’t Holf’s equation (8) 

V] — VqC 

where Vi and Vq are tlu^ velocities of the reaction at temperatures ti 
and to, respectively. The improved modification of this eciuation 
making use of absolute temperature and the gas constant, the Ar- 
rheuiius equation {!), 



is reported to express more accurately the effect of temperature on 
many biological naictions {3, p. 270), This equation does ex])resR the 
data nearly as w(dl for phenol with a range' of values for the thermal 
characteristic, y, (dt'termined for the four 5° increments), of 15,100 
to 17,900 and a mean of 17,000 calories per mole. Although for rote¬ 
none there' is a slight increase in with iiicre'ase in te'inpe'rature (table' 
4) Avhich is relh'cte'el in the slight cone*avity u])warels of a curve through 
the rotenone points in figure 7, tlu'se eliffVre'nces are' e)bvi()usly j)e)t. 
significant. Howe've'r, since the trend is in tlie re'versc direction to 
the condition for which the Arrheuiius modificatioji is a ceuToction, the 
range of y values for roteaione when this equation is applied become's 
relative'ly gre*ate*r, 14,700 to 19,800, with a me'an e)f 16,000 calorie's per 
mole. Calculated from the equatiem of the curve in figui-e 4, the range 
e)f values fe)r y fe)r the same 5° increnu'nts is fiom 15,800 to 17,()00, 
with a mean of 16,900 calorie^s pe'r mole. 

In this connection it may be mentioiu'tl that Ege and Krogh (J), 
studying the effect of temperature', change' on oxygen (‘onsumption 
(measure'd in cubie^ centimeters pe'r kilogram pe'r minute) of a single' 
9.3-gm. goldfish, re'.ported re'sults that we're practically the same' 
whethe'r or not tlic fish was narcotized with urethane. Qio was found 
to be approximately 2.7 in the temperature range 5° to 28® C. If calcu¬ 
lated according to the Arrhenius equation, y is found to be about 16,000 
calories per mole. However, Ege and Krogh concluded that, since 
there was a steady and considerable decrease in Q\o from 0° to 28° C., 
Van^t Hoff’s ternjperature coefficient did not ('xpress the relationship 
satisfactorily. 

Wells (11) came to the same conclusion after studyhig the relation¬ 
ship between temperature and oxygen uptake but with the Pacific 
killifish (Fundulm parinpinnis) as the test animal. 

Sumner and Doudoroff (10), using the goby (GiUichthya mirabilis) 
and taking the rate of death from eacli of two lethal agents, potassium 
cyanide of a single concentration (0.001 molar in sea water) and boiled 
sea W’ater, as a measure of respiratory metabolism, reported that the 
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reciprocal of the survival time varied logarithmically with the tem¬ 
perature in the range 10° to 30° C., Qxq lying between 2.6 and 2.8 with 
the first agent and, with much less constancy, between 2.3 and 3.0 
with the second. 

Crozier and Stier {4) reported that the temperature characteristic 
for the frequency of rhythmic opercular movements in six quiescent 
goldfish, averaging 60 mm. in length (probably over-all), was 16,500 
(*alories. 

B^lehnldek {2), after a thorough survey of the work prior to 1930 
on the use of temperature coefficients in connection with biological 
phenomena, considered the application of chemical temj)erature- 
ve^locity formulas to have failed. 

Study of the application of these two formulas to the data obtained 
by the writer has cmpliasized a fundamental consideration that is 
usually ignored. (?io is constant for both compounds when toxicity 
is measured by the minimal product, cjn„ and is practically constant 
when velocity is measured by \jt at any one conccuitration near 
However, gradually tends to increase* with incrc'ase in temperature 
if velocities are measured at concentratiojis b(*Jow c,,, but, on the other 
hand, to decrease with increase in temperature if nn^asured at higlier 
concentrations. The I'esults of work by Powers (.9) on the (*fl\*ct of 
temperature change on the toxicity of lithium chloride to goldfish 
(weight 1 to 2 gm.), though of an approximate nature*, agr(*e with th(‘> 
first half of this statement. Whetlier measured })y survival time or 
by the slope of the theoretical velocity-of-fatality curv(* (the straight 
line approximating that part of the velocity-of-fatality curve near 
its point of inflection), or whether calculat(*d front a tiunperature- 
relative toxicity curve, increase of with rise in t(*mp(*rature is 
indicated. The range of concentrations studied is at the left of the 
concentration that would correspond to a minimal ct product; tha t is, 
the product (within experimental eiTor) incr(Mts(*s with decrease in 
concentration. Moreover, comparisons by tln^ th(‘oretical velocity-of- 
fatality curve will always be comparisons at concentrations to the 
left of that of the minimal ct product. 

When velocities are compared at some concentration other than that, 
of the minimal ci product, this type of instability for (?,o is a natural 
condition for such sigmoid curves as complete velocity-coricentration 
curves if they converge as they approach the limiting tolerance* fac*.- 
tors. The values for the thermal increment, g, would vary with the 
concentration, although in this study the variation is slight. Theie- 
fore, just as the comparison of isotherms describing biological reactions 
in the dimensions time and concentration required study of the effect 
of change of temperature, so the comparisons of reactions in the dimen¬ 
sions time and temperature require study of the effect of change in 
concentration. Thermal increments are usually reported without 
explanation as to why that particular concentration was used; g may 
or may hot be the same at some other concentration. 

It appeals, then, that of the physiological reactions affected by 
change in temperature the main or controlling effect is on the respira¬ 
tory processes of the test animal. In consequence, variation of appar¬ 
ent toxicity with change in temperature seems to be due solely to a 
response of the test animal; relative toxicity as inherent in the nature 
of the compound, when measured by this method, is the same regard¬ 
less of the temperature level at which measured, provided, of course, 
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that the limits of the range are not so (extreme as to bring in other 
infliienees. In otlua* words, relative toxicity, as shown by rotenone 
and phenol with this rnetho(l, is indei)endent of the temperature level 
at wliich measurcMl. 

CONCLUSIONS 

(1) The use of the minimal product of concentration and survival 
time as a criterion of niativt^ toxicity m(‘asur(‘S a parameter of the 
tt*st popidation with rc'spect to thest* two variables with such definite¬ 
ness that introduction of another variable, such as tempcu-ature, does 
not affc'ct the value obtained for relative toxicity with that particular 
population. Tliis does not mean that all goldfish of the same siz(^ and 
age will give tlH‘ same value as found above, for there is evidence' from 
prc'.vious work by the author that fish from different ponds and of 
diflere'iU ance'stry give a different value. But there is also (‘.videmce 
that fish of uniform size and age from any one* pond and of the same 
ancestry, ev^n though taken from populations in difrereiit years, give 
values not greatly diffenuit. The value of relative toxicity thus has 
a stability that lias not been shown to be obtainahle with other 
measun's. 

(2) Ihider the conditions of these', tests relative toxicity may be 
definc'd as a function of tlie nature of (*hemical compounds and its 
values an* not affected bv change' of temperature. Such a change 
influence's only the physiological processes of the test animal, and the 
apparent effect on toxic action is a function of the anirnaPs resistance. 
In this sense toxicity and resistance do not have a simple inverse rela¬ 
tionship but are distinct conceptions, the former inherent in the nature 
of the toxicant and the latter inherent in the nature of the test animal. 

SUMMARY 

The effect of tc'inperatun'. on apparent toxicity, when measun'd ))y 
the criterion of the minimal product of concentration and survival 
time, has been studied, with rotejione and phenol as the test materials 
and small goldfish as the test animals. The experiments were con¬ 
ducted at temperatures ranging from 7° to 27° C. in 5° increments. 
All results were subjected to statistical analysis. 

Despite' the great dissimilarity in the mode of toxic action of rote¬ 
none and phenol, increase in toxicity with increase in temperature, 
when mc'asured by this criterion, was found to be proportionately the 
same for the two compounds. Phenol was 0.16 percent as toxic as 
rotenone at any temperature in this range. 

Tlie ratio of increase w^as found to be the same for equal increments 
in temperature, 1.66 for a 5° increment. 

The geometric increase of relative toxicity {Rt) with arithmetic 
increase in temperature (T° C.) is summarized by the equation 

When expressed in liters per gram per minute, the value of toxicity 
at T^ C. for rotenone is 4.66e°‘^®°*’, and for phenol is 0.00736c®'' . 

Toxicity and resistance do not have a simple inverse relationship 
but are distinct conceptions, the former inherent in the nature of the 
toxic compound and the latter inherent in the nature of the test animal. 
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Resistance only is affected by change in temperature. Relative tox¬ 
icity is a function of the chemical compound and remains the same at 
any level within a range of temperatures not deleterious to the test 
animal. 

The criterion of relative toxicity, the minimal product of concentra¬ 
tion and survival time, therefore measures a definit(^ characteristic^ of 
the test population. 
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RELATION BETWEEN PARASITIZATION OF TWIG-IN- 
FESTING LARVAE OF THE ORIENTAL FRUIT MOTH 
AND SUBSEQUENT INFESTATION OF RIPE PEACHES 


By H. W. Allen 

Entomologistt Division of Fruit Insect Investigations, Bureau of Entomology and 
Plant Quarantine, Agricultural Research Administration, United States Depart-^ 
ment of Agriculture 

INTRODUCTION 

Information on the effect of parasites in reducing the infestation of 
the peach crop by the oriental fruit moth {Grapholitha molfftta (Busck)) 
is important for determining the advisability of continued widespread 
liberations of these parasites. In this study an attempt has been made 
to show whether a relation can be detected between parasitization 
in twigs at the peak of second-brood infestation and the total moth 
infestation of ripe peaches during the harvesting period for Elberta 
and other varic^ties ripening at about the same time. In the section 
of the country in which these observations were made, second-brood 
infestation of twigs usually occurs from the latter part of Juno until 
about the middle of July, and ripe-fruit infestation of Elberta peaches 
from about the first of August to the first week in September. 


REVIEW OF LITERATURE 


One rather intensive study of the relation between parasitizatioii 
and fruit infestation was made by Daniel * in Niagara County, N. Y., 
from 1928 to 1931, inclusive. Daniel noted that fully one-third of the 
fruit infestation was not visible externally, and the data in his paper 
indicate that such injury rangeil from less than 40 percent to more 
than 300 percent of the visible injury. He commented that this con¬ 
dition makes valueless any counts that do not take it into considera¬ 
tion and concluded that a large portion of the observed reduction in 
fruit infestation was caused by parasites. This work in Niagara 
County was continued during 1932 and 1933, and in other reports by 
Daniel and coworkers * * the conclusions were essentially the same as 
previously noted. 

In 1940 Yetter and Allen ^ reported a study of larval parasitiza- 
tion and ripe-fruit infestation in eight orchards in Burlington County, 


‘ Received for publication November 24,1942. , , i. 

* Many individuals had a part, in accumulating the data used in this i)aper. Information for the New 
Jersey orchards was collected by M, II. Brunson and W. P. Yetter; the rearing of twig collections for the 
record of parasltization was done by O. J. Hdeussler; the field work in Virginia, West Virginia, and Mary- 
and and the assembling of the data were done with the assistance of E. L. Flasket and p. \v. Clancy. 

»The term ‘*t^Nirasitization’' as used in this paper tUgnifies parssitizatiou of twig-lnfesting larvae of the 
second brood of the oriental fruit moth. A number of spwies of parasites were involved, but the most 
important 8i>ecies was usually Macroemtrus meylivorut Roh. 

* DANISI., I). M. MACKOCXKTRITS ANCYLIVORrs ltOHW*B, A POI.YEMBRYONIC BRACONID PARASITE OF 

the ORiENTAi. FRUIT MOTH. N. Y, (Geneva) Agr. E*|>t. Sta. Tech. Bui. 187, 101 pp., illus. 1932. 

^ • Daniel, D. M., Cox, J., and Obawpord, A. biolooical control of the oriental fruit moth. 
N. Y, (Geneva) Agr. Expt. Sta. Bui. 635, 27 pp., Ulus. 1938. « * a a™-,. 

® Daniel, D. M, Utilieino parasites in controlling the oriental fruit moth. Ent. soc. Amer. 
Ann. 29: 64(HVI4. 1936. 

^ Yetter, W. P., Jr., and Aiakn. H. W. effect of larval parasittzation of the oriental fruit 
moth on the infestation. Jour. Eeon. Ent. 33:34iL-363. 1940. 
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N. J. In the group of orchards having the higher rates of parasiti- 
zation the average infestation was much less than in the group having 
the lowei rates. In the same year Brunson ® published the results 
of mass liberation experiments in Mercer County. N. J., in which 
he made intensive observations on the parasitization and moth 
population in five orchards. These experiments also indicate that 
high parasitization is usually associated with low fruit infestation. 

A few other workers have made observations on the nhition of 
parasitization to fruit infestation, but most of these observations 
have been based on total emergence of relatively small numbers of 
insects, or on fruit counts in which the highly variable portion of 
the total injury invisible externally was not accurately determined by 
cutting fruit samples. 

EXPERIMENTAL DATA AND ITS SOURCE 


The relation between parasite’s and fruit infestation is thus seen 
to b(‘ essentially one of the interrelation of populations. To exprc'ss 
fully this relatioi’ship in any givnui orchard it would be lu’cu’ssary to 
obtain information on the weekly fluctuations in parasitt’ and moth 
populations per i»nit area. It would also be necessary to mc’asure 
the eflect of various otlu’r factors, such as unfavorable wc’ather, 
cocoon and egg parasite's, pree^.ators, unfavorable twig growth, lack 
or scarcity of fiuits, control nK'usures used by the grower, changes 

produced by migration to or from the orchard.consich’ring them 

all in relation to the moth population at the beginning of the season. 
It is obviously impossible in the (conduct of any small proje’ct to 
obtain such comph’te information for a large numlxT of orchards. 
However, if the sum of all the unmeasured factors affecting tlu’ 
population of tln^ fruit moth tends to be so small as to be over- 
shadow'ed by the factor of parasitization. or, if not small, shows 
some degrc’c of uniformity for orcliards over a (rertain arc’a or during 
a certain season, the true effect of such parasitization will bo(Hun(‘- 
apparent without adjustment for these other factors. The study 
reported here has been based on this assumption. 

The data used in this study are the records from the same orchards 
and for tin* sam<’ seasons as were used by Tetter and Allen ^ and 
Brunson and, in addition, from a larger series of orchards, includ¬ 
ing 11 peach-growing districts, extending from Lovingston, Va., to 
Princeton, N. J., for the 3 years 1937 to 1939, inclusive. In the 
New Jersey orchards parasitization was determined from large 
numbers of infested twigs collected, over 4 day periods, as described 
by Tetter and Allen, In the other orchards the parasitization was 
determined from two collections of twigs in each orchard at or near 
the peak of infestation for the second brood of fruit-moth larvae. 
The fruit records were based on samples of 300 to 400 peaches taken 
from each orchard at harvesttime, all of which were cut open. The 
data differ in one important respect from those obtained by Daniel 
and his associates—that is, they provide a basis for the comparison 
of diflforent orchards in any year—^whereas DaniePs comparisons are 
chiefly of the differences during several successive years for one district. 


«BntTNetoN, M. H. mass LrnuRATioNS or parasitrs or the oriental fruit moth for immkmatk 
BBUT7CTION OP mrBSTATiON. JmiT. Ecou. Ent. 33;34(>-349. 1940. 

»See footnote 7. 

, a ipe footnote 8, 
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These observations, which include 87 summations of orchard para¬ 
sitization and fruit infestation obtained from 51 orchards, are pre¬ 
sented in table 1, and furnish the data upon which the subsecpient 
comparisons are made. 


Tablk 1,— Purveys of paraaili zation of second-brood larvae of the oriental fruit moth 
in infested twigs and the injury to ripe peaches, ldS7~39 

1937 SdKVKY 




Fruit 

moth 

larvae 

reared 

from 


Bearing 

trees 

|ier 

acr(‘ 

P'ruits 


Fruits 

injur<‘d 


OMriet 

Orchard 

No. 

Larvae 

para¬ 

sitized 

liar- 

vested 

per 

Relative injury 

Fruits i)er tree 




tree 

New 

Total 

New 

'Potal 

sampl(*s 




Number 

Percent 

Number 

Number 

Percent 

Percent 

Nil mber 

Nil mber 

Virginia; 

V 

187 

56.7 

106 

728 

5.3 

8.3 

.39 

60 

liovingsl-on. 

12 

]S . .. 

87 

83 

4.6 

S.4 

i:i9 

128 

779 

.587 

:3.5 

4.3 

6.5 

6.8 

27 

25 

51 

40 


17 

45 

82.2 

49 

678 

2.5 

:i3 

17 

22 


IS ■; '. 

47 

55 

2.1 

5.5 

91 

75 

3().5 

.378 

12. .3 
U.O 

15.3 
14.0 

45 

42 

56 

54 



11 _ 

3.37 

b. 9 

101 

54 

:17.8 

4(i .3 

20 

25 

76 


lift .... 

229 

9 0 

.59 

841 

7.0 

9.0 

59 

TiinhprvilU' . .. 

•1(5 . .. 

70 

1.3 

98 

742 

3. 3 

3.8 

25 

28 


Il7 

70 

0 

IIK 

.596 

4.5 

5. 5 

27 

33 

Brook 

Maryland: 

ny . . - 

120 

29 

111 

0 

2.7 

92 

37 

655 

326 

2.5 
22. 5 

4.0 
31 :i 

16 

73 

26 

102 

130 . . 

274 

,55. K 

161 

901 

1.7 

2. 1 

16 

19 

Smilhsburg-Ringgoid- 

Isi 

133 . . 

40 

47 

(59.4 

0 : 1.8 

134 

69 

126 

1.411 

2.5 
2. .3 

6.0 
3.3 

3 

32 

« 

47 


(Hr. 

505 

46.9 

119 

612 

6.0 

8.6 

37 

53 

Now Jorsoy; 










Mooro.siown . 

40 . . 

1, 707 

71.0 

102 

1,904 

9.9 

12.2 

188 

232 



1938 SCHVEY 






Virginia: 










C'nizot-Afton . 

« •: 

(57 

50 

95.6 
96.4 

91 

104 

.583 

Kil 

1.3 

1.3 

4.0 
2.0 

8 

8 

24 

12 

Staunton . 

. 

03 

1,5. 1 

39 

2(K) 

12.0 

19.5 

24 

40 

19. . 

153 

5.2 

8:1 

92 

28.6 

42.0 

26 

40 

Harrisonburg. 

/II 

112 .. 

85 

71 

12.9 

25.4 

101 

53 

400 

619 

37. 6 
22.0 

47.3 
26. 6 

J50 

i:i6 

189 

165 


114 . 

136 

48.9 

70 

118 

22.0 

M. 6 

26 

41 

Timberville .. 

{ifl . 

Ill 

27.0 

101 

68:1 

27.2 

32. 2 

187 

222 


Ilfi . 

92 

32.6 

i:i3 

:155 

12.8 

14.5 

47 

53 

Clear Brook . . , . 

f2() ... 

30 

13.9 

:io 

VA7 

10.0 

12.2 

14 

17 


121.. .. 

17 

29.4 

105 

313 

7.7 

9.7 

27 

34 

West Virginia: 

[23... 

131 

68.8 

95 

418 

9.8 

15.0 

42 

W) 

Martinshurg . 

|24 . . 

128 

46.1 

:i8 

5.33 

17.0 

2(i. 0 

87 

1,36 

Maryland; 

125.. - 

i;i4 

88.8 

107 

957 

7.5 

7.5 

I 

71 

127. 

75 

42.7 

109 

274 

6.2 

14.2 

I 17 

39 

llancjock. 

{28. 

63 

9 : 1.7 

78 

195 

1.3 

1.6 

2 

3 


129. 

00 

90.0 

132 

293 

2.7 

3.7 

8 

11 


(30 . .. 

32 

66.6 

152 

407 

1.7 

1.7 i 

8 

8 

Smithsburg-Uinggold.. _ 

{32. 

70 

98.6 

120 

1,004 

.6 

.6 

6 

6 

{34 . 

3 

0 

41 

125 

6.0 

7.2 

8. 

10 

Now Jersey: 

/36. 

283 

57.2 

58 

.349 

21.2 

27.2 

SO 

100 


37.. 

1,181 

210 

00.1 

75 

367 

27.5 1 

:b.o 

104 

317 


38.. 

63.2 

85 

225 

2.5 

3.7 

6 

8 

Moorestown... 

,41. 

42. 

467 

8ai 

88.9 

76 

103 

394 

411 

:i.5 

2.3 

4.7 

15 

20 

13 


132 




43. . 

052 

72.7 

78 

m 

11.8 

21.0 

51 

93 


44 . 

430 

77.4 

112 

227 

15.0 

17.5 

34 

40 


45. 

670 

84.5 

90 

139 

9.2 

16.2 

13 

23 


147 _ 

574 

84.8 

102 

75 

19.0 

26.2 

14 

20 

Mercer County,..,. ... 

48_ 

782 

83.1 

90 

553 

4.5 

6.2 

25 

30 

h 49 . 

' 3,268 
108 

59.6 

86 

387 

15.0 

17.5 

,58 

69 

1 50 . 

85.5 

109 

163 

10.2 

10.7 

17 

18 


51.. 

251 

79.0 

107 

660 

21.7 

2 : 1.2 

147 

158 
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Table 1. —Surveys of parasitization of aecond-brood larvae of the oriental fruit moth 
in infested twigs and the injury to ripe peaches, 1937~S9 —Continued 

1939 SURVEY 


District 


Virginia: 
Lovingston,. -. 

(?rozet*Afton.. 

Staunton. ... 
Harrisonburg. 

Timbcrvillo. . 

Clear Brook 
West Virginia: 

Martinsburg.. 
Maryland: 
Hancock. ... 


Smitbsburg-Kinggold. 
New Jersey: 

Moorestown.. 


Mercer County., 


Orchard 

No. 

Fruit 

tuoth 

larvae 

reared 

from 

samples 

Larvae 

uara- 

sitized 

Bearing 

trees 

l>er 

acre 

Fruits 

har¬ 

vested 

per 

tree 

Fruits injunKi 

Relative injury 

Fruits per tree 

New 

Total 

New 

Total 


Nvmf'er 

Percent 

Number 

Number 

Percent 

Percent 

Nnmfier 

Number 

ri ... ,. 

220 

12.7 

100 

100 

44.7 

60.7 

45 

51 

• 13. 

215 

8.8 

134 

753 

18.1 

18.4 

136 

138 

.4.- 

166 

16.3 

94 

888 

3.8 

.3.8 

34 

34 

. 5-. 

181 

11.6 

106 

588 

4.1 

4.8 

24 

28 

16. 

124 

23.4 

105 

558 

1.0 

1.3 

6 

7 

. 10. 

221 

48.0 

78 

460 

6.0 

7.7 

27 

35 

ni. 

241 

2.9 

101 

311 

32.2 

39.2 

100 

122 

112. 

147 

8.8 

53 

280 

22.2 

29.9 

62 

84 

113. 

267 

16.0 

106 

294 

14.7 

17.4 

43 

51 

. D6. 

215 

3.7 

1.32 

218 

7.5 

9.1 

16 

20 

Il8. 

216 

3.7 

102 

490 

18.9 

22.7 

92 

111 

120- 

197 

43.1 

41 

321 

6.4 

6.4 

17 

21 

{21. 

176 

26.6 1 

32 

582 

12.3 

14.2 

71 

82 

122. 

157 

68.8 

100 

448 

1.3 

2.3 

6 

11 

(23. 

168 

81.0 

97 

1,102 

2.3 

2.3 

26 

25 

. {25. 

178 

81.6 

103 

1.173 

1.3 

1.7 

15 

20 

l26. 

202 

67.9 

60 

1.162 

1.3 

2.7 

15 

31 

(27. 

165 

84.8 

111 

237 

1.1 

1.1 

2 

3 


24 

72.4 

76 

501 

0 

0 

0 

0 

129. 

1 

100.0 

139 

309 

.7 

.7 

2 

2 

30.. 

30 

46.7 

171 ! 

888 

2.7 

2.7 

24 

24 

. {32. 

31 

80.6 

126 

626 

.3 

.8 

2 

5 

134. 

18 

61.1 

44 

166 

9.3 

9.3 

15 

16 

/S6. 

69 

47.8 

58 

556 


21.3 


118 

37. 

258 

46.9 

61 

497 


34.5 


171 

38_ 

* 409 

85.8 

81 

669 


3.9 


26 

89. 

482 

90.0 

138 

419 


12.7 


53 

■ 4L. 

454 

82.2 

72 

543 


5.8 


31 

42_ 

250 

.58.4 

105 

124 


15.4 


19 

43. 

293 

71.0 

79 

882 


7.9 


65 

45. 

152 

85.5 

87 

646 


4.6 


30 

46.. . .. 

578 

32.9 

109 

720 


35.0 


252 

(47. _ 

1,361 

84.6 

91 

224 


21.1 


47 

48.. 

313 

92.3 

105 

898 


6.5 


59 

. {49. 

2,703 

60.0 

78 

668 


42.5 


284 

50. 

176 

94.3 

109 

467 


14.5 


68 

61. 

44 

69.1 

105 

531 


31.6 


168 


DISCUSSION OF DATA 

For the determination of parasitization a total of 26,115 insects 
were reared from collections of infested twigs. In a few orchards, 
such as No. 34 in 1938 and No. 29 in 1939, the numbers reared are too 
small to permit accurate determination of the percentage parasitized 
for the orchard. In some orchards, as in Nos. 11 and 40 in 1937, 
the fruit load per tree departs widely from the normal. Since the 
tendency is toward large numbers of injured fruits and low percentages 
of injury with full crops and toward the converse with partial crops, 
wide variations in crop size affect the measure of fruit infestation 
whether based on the numbers of injured fruits per tree or on the 
percentage of fruit injured. Despite the deficiencies and irregiilari- 
ties noted for some of the orchards, it is more desirable to include 
in class iproupings for the purpose ofr'obtaining averages than 
to atteEhpt arbitranly to exclude some and to include others. .. 

The values for fruit injury in table 1 include new injuiy and totid 
ihiniy. New injury is produced by the piogeny of the moths that 



























































Aug. 1, 1943 


Parasitization of Oriental Fruit Moth Larvae 


85 


survive second-brood parasitization, and is thiTefore a better value 
for comparison with such parasitization than total injury, which 
includes older injury produced by larvae unaffected by second-brood 
parasitization. However, siiiQc determinations of new injury were 
not available for all orchards, total injury has been taken as the 
measun^ of fruit infestation in subsequent tables. 

In table 2 the data for all the orchards from which comparable 
records were obtained are averaged for five classes, each covering a 
range of 20 percent of parasitization. In this arrangement there is 
no well-defined relation between the percentage of parasitization and 
the average fruit infestation. However, the class having 80- to 
100-percent parasitization has the fewest injured fruits per tree and 
the lower percentage of injury. Only 3 observations in this class 
(No. 25 in 1938 and Nos. 49 and 50 in 1939) show more injured 
fruits per tree than the average of the lowest class (59.4), and only 
1 (No. 49 in 1939) shows evidence of having, both in the number of 
injured fruits p('r tree and in perctmtage of injuiy, a greater degree 
of injuiy than the average* of the classes of lower parasitization. ‘ On 
the oth<‘!‘ hand, in the 4 classes of less than 80-percent parasitization 
many observations show a fruit infestation lower than the average 
for the group having 80- to lOO-percent parasitization. In the class 
of 60- to 79.9-percent parasitization 6 of the 13 observations are of 
this type, and in the* successively lower classes the numbers are 6 
out of 17, 2 out of 7, and 9 out of 24. 


Table 2. —Observations for second-brood parasitization in tungs and the total injury 
to peaches at harvesttime, averaged for o classes of parasitization 


Rocond-broocl larvat* 
parasitized, class 
range, in pt^rcent 

1 

Obsser- 

va- 

tiuns 

Average 

Injured 

fruits 

InjurtKl 
fruits 
pt‘r tree 

Sccond-brood larvae 
parasitisu'd, class 
range, in iwrcent 

Obser* 

va» 

tions 

Average 

injured 

fruits 

Injured 
fruits 
per tree 

8(HJ(K».0 

Num¬ 

ber 

20 

Percent 

8.0 

Number 
35.0 

20-39.9 .. 

Num¬ 

ber 

7 

Percent 

20.0 

Number 

110.4 

«H)-7U.9.. 

13 1 

10.7 

01.8 

0-19.9. 

24 

19.4 

59.4 

40-59.9.. ... 

17 

16.2 

08.8 






The probable explanation of this condition is that in orchards 
showing exceptionally high parasitization it is difiicult for the fruit 
moth to increase, even in tne absence of other controlling factors, 
whereas in orchards showing low ex parasitization these other factors 
may frequently be of greater importance in determining the degree of 
fruit injury. 

In 32 of the 51 orchards surveyed there are observations for 2 or 3 
seasons. When the parasitization and the number of infested fruits 
are compared for each of the 32 orchards, the lower infestations are* 
found to be associated with hi^er paiasitization in the expected rela¬ 
tion in only 12 orchards. When expressed in percentages, lower 
infestation is similarly associated with higher parasitization in only 
14 orchards. It is therefore evident that in any orchard the occur¬ 
rence of a parasitization higher or lower than that of the previous 
year is not necessarily followed by an equivalent change in the opposite 
direction in the amount of fruit infestation. Eitlier the observed 
parasitization was unimportant in the control of the fruit moth, or 
its true importancja was obscur^ by a high seasonal variability in the 
sum of the other factors determining moth abundance at harvesttime. 
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The comparison of data for individual orchards for successive years 
indicates that the relation between parasitization and fruit infesta¬ 
tion may be obscured by important seasonal differences in the level 
of fruit moth populations, brought about by factors other than para¬ 
sitism. In table 1 it is seen that in both 1938 and 1939 the levels of 
parasitization and of fruit infestation in New Jersey we'xe quite differ¬ 
ent from those in the other districts surveye^d. For these reasons a 
better basis for comparing parasitization with fruit infestation is 
obtained by restricting the comparisons within series to observations 
during the same year and for an area over which the sum of control 
agencies other than parasitism does not vary greatly. 

Table 3. —Injury to peaches by the oriental fruit moth in relation to the degree of 
parasitization of second-brood larvae as determined by orchards in Virginia, West 
Virginia, Maryland, and New Jersey ir^ 19S7, 1938, and 1939; orchards in each 
group arranged in order of decreasing parasitization 


1937 survey 

1938 survey 

1939 survey 


, 




, 1 



, 


. 


1 

1 

K 


1 

1 ! 


L 

1 

i 

Orchard No. 

*§1 

11 

1 

fraiti 

tree 

Orchard No. 

'll 

J.§ 

jured 

fruiti 

tree 

Orchard No. 

'O.o 

.S.H 

1 

9 

fruits 

tree 


It’S 

.S 

5 

1 



1 ^ 


8 

C 

IS 

1 

9 


1 

o 

5’ 



g 3 



c 

E- 






Virginia, West 



Virginia, West 




Virginia and 




Virginia, and 



Virginia, and 




Maryland: 

Pd. 

Pd. 

No. 

Maryland: 

Pd. 

Pd. No. 

Maryland: 

Pd. 

Pd. 

No. 

7. 

82.2 

3.3 

22 

32.... 

98.6 

0.6 6 

27. 

H4.8 

1.1 

3 

31. 

69.4 

6.0 

8 

6... '. 

96.4 

2.0 12 

25 . 

81.5 

1.7 

2(1 

33. 

63.8 

3.3 

47 

4. 

95.6 

.4.0 24 

23. 

81.0 

2.3 

25 

1. 

56,7 

8.3 

60 

28.. 

93.7 

1.6 3 

32. 

80.6 

.8 

5 

30. 

55.8 

2.1 

19 

29.. 

90.0 

3.7 11 

28.. 

72.4 

0 

0 

35. 

46.0 

8.6 

53 

25.. 

88.8 

7.5 71 

22. 

68.8 

2.3 

11 

16. 

9.0 

9.0 

76 

30...... 

65.6 

1.7 H 

34.. _ 

61.1 

9.3 

16 

3 .. 

8.4 

6.8 

40 

23 

58.8 

15.0 65 

26 

67.9 

2.7 

31 

11. 

6.9 

46.3 

25 

14. 

48.9 

34.6 41 

10....... 

48.0 

7.7 

35 

9. 

5.5 

14.0 

54 

24. 

46.1 

26.0 136 

30__ 

46.7 

2.7 

24 

2..--. 

4.6 

6.5 

51 

27-... 

42.7 

14.2 30 

20. 

43.1 

6.4 

21 

20. 

2,7 

31.3 

102 

16. 

32.6 

14.5 53 

21-,... 

25.6 

14.2 

82 

8.. 

2,1 

16.3 

56 

21.. 

29.4 

9.7 34 

6_ _ 

23.4 

1.8 

7 

16. 

1.3 

3.8 

28 

16. 

27.0 

32.2 222 

4. 

16,3 

3.8 

34 

17. 

0 

5.5 

33 

12. 

25.4 

26.6 165 

13. 

16.0 

17.4 

61 

19. 

0 

4.0 

20 

8. 

15.1 

19.6 40 

1. 

12.7 

50.7 

51 





20. 

lao 

12.2 17 

6.. 

11.6 

4.8 

28 





11....... 

12.9 

47.3 180 

12. 

8.8 

29.9 

84 





9.,. 

5.2| 

42.0 40 

3. 

8.8 

18.4 

1.18 








16. 

3.7 

9.1 

20 





New Jersey: 



18. 

3.7 

22.7 

111 





42. 

88.9 

3.0 13 

11. 

2.9 

39.2 

122 





41. 

86.1 

4.7 20 









50.i 

85.5 

10.7 18 

New Jersey: 








47.. 

84.8 

26.2 20 

60. 

94.3 

14.5 

68 





46.! 

84.5 

16.2 23 

48.. 

92.3 

6.5 

59 





48. 

83.1 

5.2 30 

39.. 

90.0 

12.7 

53 





51.. 

79.0 

23.2 158 

49... 

90.0 

42.6 

284 

a 




44... 

77.4 

17.5 40 

38. 

85.8 

3.9 

26 





43. 

72.7 

21.0 93 

45. 

85.5 

4.6 

30 





38. 

63.2 

3.7 8 

47.. 

84.6 

21.1 

47 





37. 

60.1 

31.0 117 

41. 

82.2 

5.8 

31 





49... 

59.6 

17.5 69 

48. 

71.0 

7.0 

65 





86. 

67.2 

27.2 100 

51. 

59.1 

31.6 

168 








42. 

58.4 

15.4 

19 








; 86. 

47.8 

21.3 

118 








87. 

46.0 

34.5 

171 


i 






46. 

32.9 

35.0 

252 


conqiarkbns are shown in table 3, where the orchards in 
yiiSiiiia aad, Maiytand have beeh grouped for the survey in 1937 
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and those in Virginia, West Virginia, and Maryland have been ar¬ 
ranged in one series and those in New Jersey in another series for the 
surveys in each of the years 1938 and 1939. 

From th^ aiTangenient it becomes evident that in each series the 
orchards with the higher rates of parasitization tend to have a lower 
fruit infestation than the orchards with the lower rates of parasitiza¬ 
tion. This is true for both values of fruit infestation. However, 
this relationship lacks uniformity when individual orchards are com¬ 
pared, since there are a number of orchards of low parasitization and 
low fruit infestation, such as Nos. 17 and 19 in 1937, and an occasional 
orchard of high parasitization and high fruit infestation, such as No. 
49 in 1939. 

It becomes desirable, therefore, to examine the data more critically 
to determine whether there is any significant relation between the 
imrasitization observed and the measures of fruit infestation. For 
this purpose the orchards in each of the five series in table 3 w^ere 
divided into tw^o classes, one of high and the other of low parasitization. 
The point selectt'd for separation was usually the midpoint ol the 
observed range for the scuies. 

If parasitization W (*re not related to fruit infestation, the means of 
the classes of high parasitization w^ould approximate the mt‘ans of their 
paired (dasses of low parasitization, and the mean of lower fruit 
inf(‘statioii would be likely to occur as often in one class as in the other. 
As shown in table 4, this situation does not exist. In each comparison 
betw^een class(»s th(' mean fruit inf(‘station of the class of high parasiti¬ 
zation is lower than that of the corresponding class of low parasitiza¬ 
tion. This m itself is good evidence that there is an inverse relation¬ 
ship between paravsitization and fruit infestation. The standard 
errois for the (dass means show not only that the differene(‘S between 
the classes are all in the', same direction but also that they are large 
enough to be significant in 5 of the 10 class comparisons. When the 
significance of the class diffeivnce of the 5 series is calculated, it is 
indicated that the pi'obability of these differences being significiant is 
slightly more than 100 to 1 for the percentage of fruit infested and 
slightly l(»ss than 100 to 1 for the number of injured fruits per tree. 
It is concluded, therefore, that in this series of observations para¬ 
sitization is inversely related to fruit infestation and the higher rates 
of parasitization produced correspondingly lower rates of fruit 
inft'station. 


Table 4. —Averages of fruit injury for classes of high and low parasitization in the 
seritas of observations in orchards included in table 3 


Orchard series 

Second-brood 
larvae para¬ 
sitized 

Observa¬ 

tions 

Virginia and Maryland In 1987.. 

Percent 

{ 46.9-82.2 

1 0 - 9.0 

/ 58.8-98.6 

1 6.3-48.9 

f 48.1-84.8 

\ 2.9-26.6 

r 77.4-88,9 

\ 67.3-72.7 

/ 71.0-94.3 i 

t 32.9-69.1 i 

Number 

6 

10 

8 

U 

U 

11 

8 

6 

9 

6 

Virginia, W^est Virginia, and Maryland: 

193S..... 

1989.... 

New Jersey: 

1938. 

1939..... 



Total in¬ 
jured fruits 


Percent 
6.3±1.1 
14.3d:4.4 


4.A±I.7 
25.3dr3.8 
3.4=b .9 
19.2i:4.7 


13.3=fc3.1 
20.1±4.7 
13,2:1:4.1 
27.6±3.9 


Injured 
fruits per 
tree 


Number 

36ir9 

49d:8 

2b±\b 

17± 3 
66±13 

40±17 

77dbl9 

74±27 

146dr38 
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In table 4 the mean percentage of fruit infestation appears to be 
more closely correlated with parasitization than the mean number of 
injured fruits per tree. For the percentage value of the fruit injury 
in the Virginia-Maryland and the Virginia-West Virginia-Maryland 
series, the mean infestation in the orchards of high parasitization 
ranged from about one-third to about one-sixth of the mean infesta¬ 
tion in those of lower parasitization. In the New Jersey series the 
mean range was smaller, a condition that may well have been due to 
the smaller range of observed parasitization in the series surveyed. 

SUMMARY 

During 1937, 1938, and 1939 a total of 51 orchards, located in 11 

S each-growing districts in Virginia, West Virginia, Maryland, and 
few Jersey, were surveyed to determine whether there was a correla¬ 
tion between parasitization of twig-ilifesiing larvae of the oriental fruit 
moth {(irapholitha mglesta (Busck)) and subsequent infestation of the 
fruit. Comparisons wore made (1) by arranging orchards in 5 classes 
according to percentage of parasitization, (2) by considering individual 
orchards, (3) by considering individual orchards over successive yeai*s, 
and (4) by grouping orchards by year within a given area. 

It was found that, when the comparisons were limited to one season 
and a restricted district in which the conditions affecting fruit moth 
abundance, other than the parasitization measured, were reasonably 
uniform, high parasitization of second-brood twig-infesting larvae was 
followed by correspondingly low fruit infestation, with evidence that 
this relation was significant. This condition existed each year and 
throughout the area surveyed, but was more evident in 1938 and 1939 
than in 1937, and in the orchards in Virginia, West Virginia, and 
Maryland than in those in New Jersey. Wlien the observations were 
compared in any other manner, factors other than the observed para¬ 
sitization, and apparently associated with the year and the locality, 
were suflSciently important to obscure the effect of second-brood 
parasitization in reducing fruit infestation. 

These data support the findings of Daniel and his associates in 
Niagara County, N. Y., and of Yetter and Allen in Burlington County, 
N. J,, that parasitization of twig-infcsting larvae is an important 
factor in controlling infestation in ripe peaches. 



THIAMINE IN CROWN GALL AS MEASURED WITH THE 
PHYCOMYCES ASSAY ‘ 


By BfCRCH W. Henry, formerly indmirial fellow in plant pathology, A. J. Hiker, 
professor of plant pathology, and B. M. Duggar, professor of botany and plant 
pathology, Wisconsin Agricultural Experuueni Station. 

INTRODUCTION 


A bdter understanding of the growth factors that may exert an in¬ 
citing influence on pathological cell growth seemed desirable for clari¬ 
fying this diseased condition. Such factors can be studied with 
considerable facJlity by using (M-own gall, caused by Phytomonaa 
tumejanens (Smith and Town.) Bergey et al. This organism has 
appeared, in preliminary trials by McTntire, Rikcu*, and Peterson 
(£0,^ to be relatively rich in thiamine, a substance known as a growth 
factor for many organisms, including higher plants. It seemed 
important, tluui, to determine whether there is a quantitative relation 
of thiamine to crown gall development. 

The literature dealing with the role of thiamini' in the growth 

E roccss<‘S of fungi and higher plants, respectividy, has been reviewed 
y Schopfer {Jjo) and Lilly {10); and by Bonner (3). However, 
ciTtain papers that form the background of the present study are 
mentioned briefly. 

Tbiarniiu' w'as demonstrated as a growth factor for higher plants, 
indenendently, hy Kogl and Haagen-Smit {16), Bonner (4), and 
Roboins and Bartley {32). This work was done with excised em¬ 
bryos and roots in vitro. An increase in djy eight of some green 
plants as an efl’ect of added thiamine has been reported by Bonner 
and Greene (7, S), Bonner and Bonner {2), and Bonner (5). Amon 
{!) and Haniner {13) failed to confinn this beneficial effect on whole 
plants. Thiamine has been supposed {29) to function in respiration 
as a precursor of part of an enzyme system. No work has been 
found dealing with the effect of thiamine on pathological growths, 
such as crown gall. However, the requirement of thiamine by 
certain fungi makes possible its measurement. 

The role of thiamine as a gi-owth factor for Phycornyces blakesleeanus 
Bgf. was demonstrated, independently, by Schopfer {36) and Burgt'ff 
(P). The use of this fungus in a quantitative test for thiamine was 
proposed by Schopfer {39, 40). Schopfer has done the pioneer wnrk 
on the development of the Phycomyceit assay, and the research of 
other investigators has been based largely upon his findings. It 
must be borne in mind that Phycomyces Uakedeeortm is responsive 
not only to thiamine but also to the pyrimidine and thiazole fractions 
together {20, 34, 42 , 44,47), and to cocarboxylase {20, 4S), the pyro- 
phosphoric acid ester of the vitamin. Hence, in estimating the 
thiamine content of plant tissues or extracts wdth the Phycomyces 


^ Booelvod for puNication July 23,1942. This work was supported in part by the Intentional 
Research Foundation, and aif^tance in making tests was furnished by the personnel of the Federal Work 
Projeots Administration. Official Project No. 65-1-S3-2349. 

9 Italic numbers in parentheses refer to Literature Cited, p. 108. 
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method, the values obtained may be high because of the action of 
these otlier factors (of. Schopfer, 57, 41^ 45^ 4^)- 

Factois other than thiamine which may affect the vegetative growth 
of Phycomyces are of prime importance in assay work since the ob¬ 
jective is that the dry weight of the mycelium produced shall be pro¬ 
portional to the available thiamine. The basic assay medium, tlien, 
should contain optimum concentrations of everything needed for the 
growth of Phycomyces^ except thiamine. Accordingly thiamine, if 
limiting, might be determined quantitatively by the growth magni¬ 
tudes of the fungus. 

A synthetic medium containing 10 percent glucose, 0.1 percemt 
asparagine, and inorganic salts was devised by Schopfer (S9). He 
later {42) reduced the glucose content to 5 percent, then {45) to 3 
percent. Bonner and Erickson (5), and McClary {22) used 10 per¬ 
cent glucose and 0.4 percent asparagine. Robbins {28) employed o 
percent glucose with 0.05 percent asparagine; also media with twice 
these concentrations. Robbins and Kavanaugh {34) used 10 percent 
glucose with 10 percent asparagine and later {35) reduced the aspara¬ 
gine to 1 percent. Jt is evident that there is lack of uniformity in the 
concentration of carbon and nitrogen sources used by various workers 
for the growth of Phycomyces. However, the relation of such food 
sources to growth and the desirability of standardization for assay 
purnoses are recognized. 

The interaction of constituents of the medium on the dry‘-weight 
yield of Phycomyces was studied by Schopfer {38). He found a pro¬ 
nounced increase in the dry weight of the mats with an increase in 
asparagine (0.05 to 4.0 percent), and a different optimum concentra¬ 
tion of thiamine for each concentration of asparagim^ The glucose 
content of the medium (l.t) to 15.0 percent) had no effect on the final 
dry weight of the mycelium when an excess of thiamine and 0.1 per¬ 
cent asparagine were present. Schopfer {4S) obtained the best growth 
of Phycomyces on a medium of pH 4.0 or 5.0. There was a pronounced 
decrease in yield at pH 6.0. 

The relation of various factors to the gix)W’^th of Phycomyces was 
studied by Burkholder and McVeigh {10). W ith 4.0 and 8.0 gm. per 
liter of asparagine, and thiamine at IXIO^^M, glucose w^as limiting 
up to quantities of 80.0 or 100.0 gm. per liter. At lower levels of 
asparagine content, 40.0 gm. per liter of glucose gave maximum growth. 
Definite increases in growth were obtained as the asparagine content 
was raised, if 20.0 gm. per liter or more glucose was present. They 
stated: 'It appears that a medium containing 40 gm. per liter of glu¬ 
cose and 4 gm. per liter of asparagine permits good growth, although 
somewhat higher concentrations yield even more dry matter.^’ Cul¬ 
tures were found to grow best at a pH of 3.5 to 4.6, and a temperature 
of 15*^0. 

In none of the reported experiments was material assayed under the 
varied environmental conditions to determine their effects on the assay 
results. All workers, of course, have not been primarily concerned 
with the use of Phycomyces as an assay organism. It does not seem 
nece^arily true that conditions which give maximum growth in the 
presence of m excess of ci^taUme thiamine will be most favorable 
for assay use. With the assay, suboptimal concentrations of the vita¬ 
min must be used to get an increase in fungus dry weight corresponding 
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to the increase in thiamine content of the medium. The unknown to 
be assayed must also be added to the basic medium in quantities which 
will yield mycelium in this linear range. Thiamine, crystalline or in 
the unknown material, must always be the limiting factor. In assay 
work, then, one is much less interested in the conditions inducing the 
most possible growth in a given volume of medium than in the slope 
of th(» growth eurvt‘. Thus it seemed necessary to determine the 
(diects of various cultural conditions on the assay results, and then to 
adapt the assay method to the present problem. 

The present studies, therefore, have included (1) adaptation of the 
tlnamiiK' assay to the pr(‘sent problem, (2) comparison of thiamine 
values of (!rown gall and h(*althy tissues, and the influence of various 
factors on these values, and (3) d(termination of the thiamine content 
of cultures of a viruhmt and an attenuated strain of Phytomonm 
tumeJaciehH. Such studievs gave promise of clarifying the relationship 
of tli(‘ plant growth factor thiamine to crowm gall development. 

An abstract of some of tin* pr(‘S(mt work has already beem published 

MATERIALS AND METHODS 

The Bonni(‘ Best variety of tomato plants was used for crow'n gall 
inoculations, except when* stated otherwise. The plants were grown 
individually in 4- or G-inch pots in the grecmhoiise at approximaUdy 
24® They w'ere inoenlated wluui G to 8 inches tall by a needle 
puncture in each of three c(*ntral int(‘rnodes. A highly virulent strain 
(the AG culture of Hendrickson, Bakhvin, and Kiker (pi) of Phytomonas 
tvme/ariena was used unless stated otherwise. Sterile punctures were 
mad(^ in control s(»ries of similar plants. Tissue samples for thiamine 
det('rminations included (1) galls from all of the three inoculation 
points, (2) st('m sc'gments of inoculat(‘d plants from th(' topmost gall 
to 1 inch below' the t(U*ininal bud, (3) analogous st'gmcmts from check 
plants, (4) mature*, healthy leav(*s from inoculated plants, and (5) 
similar leaves from check plants. Any variations in this procedure 
are stated. ICach sample included material from five or more plants. 
The temperature chambers described by Riker, Henry, and Duggar 
(^0) wore used in determining the effect of t(unperature on the thia¬ 
mine content of inoculated and healthy plants. 

The PhycomycfH growth method wras used for the determination of 
thiamine in the various tissues. Fresh or frozen-dried {12) tissue sam¬ 
ples were used. The fresh samples were collected between 9 and 10 
a. m., cut into about 5-mm. st^gments, and used immediately. Frozen- 
dried tissues w(*re thoroughly ground with a mortar and pestle and 
used when needed. Extracts of the plant materials were employed 
since attempts to assay quantities of whole tissues gave very incon¬ 
sistent results between duplicate samples, confirming results obtained 
by Schopfer (^i). 

Drv-weight determinations w'ere made with duplicates of each 
sample assayed. 

Two methods of extraction, with water and alcohol as the solvents, 
wx*re used. Materials were water-extracted by autoclaving^ tliem for 
15 minutes at 15 pounds’ pressure in water 100 or more times their 
dry weight. The extract was then filtered or centrifuged, depending 
on the density of the original material, and the filtrate or supernatant 
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liquid used for the assay. In alcohol extraction, a volume of 50-percent 
ethyl alcohol equivalent to the water in the other method was added 
to the material. The suspension was agitated continuously for 1 hour 
with an electric stirrer, filtered, and the material extracted again with 
a duplicate volume of fresh alcohol. After filtering the second sus¬ 
pension, the 2 filtrates were combined and concentrated under vacuum 
almost to dryness. The concentrate was broiight to desired volume 
with distilled water. This solution was used for the assay. Both 
extraction methods were found suitable for the present studies since 
the calculated thiamine values obtained with w^ater and alcohol ex¬ 
tracts of samples of the same material were similar. Water extraction 
was employed in most of the w^ork because of its simplicity. 

The culture of Phycomyces blakesleeanus (+strain) used throughout 
these studies w^as secured from Prof. Ijeon II. Leonian. Stock cultures 
were maintained on the following medium: Thiamine (Merck’s Beta- 
bion), 10.0 gamma; Bacto-dextrose (Difco), 5.0 gm.; amino acid 
mixture {17) ((^-arginine, rf-glutamic acid, /-aspartic acid, 2 parts 
each; (//-alanine, glycine, 1 part each), 0.5 gm.; ammonium nitrate, 
0.5 gm.; potassium dihydrogen phosphate, 0.5 gm.; magnesium 
sulphate, 0.5 gm.; calcium carbonate, 1.0 gm.; Bacto-agar (Difco), 
20.0 gm.; distilled water, 1,000.0 ml. Seventy-five-milliliter portions 
of this medium were added to 6-ounce bottles, autoclaved, slanted, 
and seeded with a spore suspension of Phycomyces. 

The basic assay medium was prepared double strength, with 
magnesium sulphate, 0.5 gm.; potassium dihydrogen phosphate, 1.5 

f n.; zinc, 0.2 p. p. m.; iron, 0.2 p. p. m.; manganese, 0.02 p. p. m.; 

acto-dextrose and nitrogen as indicated; distilled water to make 500.0 
ml. The pH was adjusted to 5.5 with sodium hydroxide. To 50 ml. 
of this medium was added thiamine solution or plant extract, as the 
case might be, and the volume was then brought to 100 ml. with 
distilled water. Twenty-fivc-millilitor portions of this solution were 
added to each of four 250-ml. pyrex flasks, giving a quadruplicate 
series for each concentration. In a few experiments, as noted, dupli¬ 
cate series of 25-ml. portions in 250-ml. flasks were employed. The 
check series included concentrations of crystalline thiamine from 0 to 
0.3 gamma per 25 ml. of medium. Plant extracts to be assayed were 
always included in two or three concentrations. The flasks were 
autoclaved at 15 pounds’ pressure for 15 minutes. The spores for 
seeding the flasks were obtained from two stock cultures that had 
grown for 2 weeks at room temperature. With a hooked transfer 
needle the sporangia and sporangiophores were removed from the 
stock cultures and agitated in a tube containing 10 to 15 ml. of sterile 
distilled water. A drop of this spore suspension was used to seed each 
flask in a single series. Preliminary experiments indicated that, 
within a wide range, the amount of inoculum had no effect on the final 
yield of the fqngus. The flasks were kept at 23® C. for selected 
mcube»tion perioos. 

At the end of the incubation period, the mycelial mats were removed 
and thoroughly warfied in water. This was done best by pouring dis¬ 
till^ wat^ down the side of the flasks so that the mycelium was turned 
bver and When the flask was filled the mycelium was removed to 
an flask and again washed. The process was carried through 
flbfCe to^es, thus waflung each mat in about three-quarter liter of 
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distilled water. The mats were then dried to constant weight at 7*5*^ 
C., and weighed to the nearest milligram. The weight of the mat in 
each of the four flasks was determined separately, and the average 
weight per flasks was us(^d in jflotting the check curve and in cal¬ 
culating the thiamine content of an unknown. “Check curve” refei*s 
to the curve obtained by plotting the concentration of ciystalline 
thiamine against the dry weight of Pkyeomyces produced. I’hiamine 
values for the two or three concentrations of a given unknown were 
averaged to obtain the final value. Determination of the calculated 
thiamine value of an extracted unknown was as follows: 




7? 


-pp == gamma of thiamine per gram dry weight of tissue extracted 


Where: 

total volume of extract 

?;=volume of extract contained in 25 ml. of medium 
if==gamma of thiamine per 25 ml. of medium which corresponds 
to the weight of mat of the unknown, as determined from 
the check curve 

H'—gram dry weight of the samph* extracted 
Example: 

Wliere 2 gm. diy weight of tissue (H') is extracted with 200 ml. of 
water (V’), 2.5 ml. of the extract (/?) is included in 25 ml. of medium, 
and th(‘ dry weight of fungus mat produced corresponds to that, 
produced bv 0,1 gamma of crystalline thiamine (B) in 25 ml. of 
200 0 , 

2 5 ^ ^ 

m(»dium, then ganima of thiamine per gram dry weight 

of tissue extracted. 

ADAPTATION OF ASSAY METHOD 

Various factors were studied before the assay was satisfactoiily 
adapted to the present study. These included (1) some variations in 
the nitrogen and dextrose of the basic medium, (2) the growth period 
for Phycomym, and (3) the validity of the assay. Alcohol extracts 
of the same lot of frozen-dried, tomato gall tissue were used unless 
stated otherwise. The flasks were incubated for 7 to S days, or as 
stated. 

EFFECT OF VARIATIONS IN NITROGEN AND DEXTROSE 

The source of nitrogen employed by most investigators for the 
growth of Phycomyces has been asparagine. Not a synthesized com¬ 
pound, it may vary between samples and contain impurities which 
necessitate repeated recrystallizations from water or alcohol. It is 
more expensive than synthetic glycine. Glycine {18^ SS^ 4^, 48) and 
aspartic acid (18) have been shown to be practically as good as as¬ 
paragine for the growth of Phycomyces. Leonian and Lilly (18) 
recommended glycine for assay m^ia. Burkholder and McVeigh 
(11) concluded: “As a source of nitrogen, recrystallized asparagine 
may be preferable to glycine for thiamin a^ays with Phycomyces, 
However, no direct comparison of assay results obtained with the use 
of media containing each of these nitrogen sources was found. If 
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glycine should prove feasible for assay work, it would thus bo preferred 
over asparagine. 

To determine the possibilities of using asparagine, aspartic acid, 
and glycine, each as the sole nitrogen source in the basic medium, 
they were employed at various concentrations. The /-asparagine 
(Pf'anstiehl, C. P.) was 1 ecrystallized from distilled water three times 
to remove any thiamine present as an impurity. Glycine (Pfanstiehl, 
C. P.) and /-aspartic acid (Eastman) were not treated. The dextrose 
concentration w-as varied with asparagine and glycine. Thiamine 
values of gall extracts assayed on these different media are given in 
table 1. Only the values in a single experiment are directly com¬ 
parable since a different extract was used for each. Water extracts 
were used in experiments 3 and 4. 


Table 1 .—Home changes in the nitrogen and dextrou of the basic medium in relation 

to assay results 


Exiieriment No, 

NitroRon ikiurce 

! Nitrogen 
j concentra- 
1 lion iH'r 

J liter' 

j. 

Dextrose 
concentra¬ 
tion ])er 
Iller 

'Phiaminc 
per gram of 
dried tissue 



1 Oram 

Oram 

7 



1 

( 25 

.5.7 



: 2.0 

50 

6. .3 

1 .. 

Asparagine. 


1 JOO 

5.1 




1 25 

6.4 



4.0 

{ 50 

0.0 




1 100 

0.0 

2.... 

Aspartic acid. 

f 2.0 

50 

6.S 



1 6.0 

60 

6. 5 




\ 25 

4 .3 

3.... 

Glycine. 

2.27 

< 50 

1 4.3 


1 0 


1 100 

4.9 



( 1.14 

50 

! 6.7 

4 .... 

Olvcino. 

{ 2.27 

60 

6.2 



1 4.M 

60 

6.6 


> On n total nitroReii hasi.s, 2.0 pni. of a.sparapine i.s approximately oqual to 4.0 gm. of aspartic acid, or 2.27 
gm. of glycine. 


Doubling the aspaiagine content of the medium gave a slightly 
higher assay value with each concentration of dextrose, as showui in 
expenment 1 of table 1. The difference at each dextrose concentra¬ 
tion is of about the same magnitude as the widest variation between 
concentrations of the same extract, and thus is probably on the border¬ 
line of significance. Aspartic acid (experiment 2, table 1) gave no 
consistent increase in assay values with increase in concentration. 
Glycine (experiment 4, table 1) at 4.54 gm. per liter, however, gave a 
value 25 percent higher than at a concentration of 2.27 grams per 
liter. This corresponds with the results from the use of asparagine 
in experiment 1, though the increase in assay value is slightly greater. 
The slightly increased values at the higher nitrogen concentrations 
did not seem to justify a 100-percent increase in the nitrogen supply 
of the basic meditim. The dry weight of the fungus mycelium in 
flasks with 0.2 to 0.3 gamma thiamine per 25 ml. was increased with 
the higher concentrations of asparagine and glycine. There was no 
such increase with aspartic acid. Thiamine was limiting in all 
these experiments; therefore, pronounced increases would hardly be 
expected (cf. Sdbopfer (SS)), 

. The data in experiments 1 and 3 of table 1 show that increasing the 
„4extmse concenilwtion in the range employed, with either asparagine 
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or glycine as the nitrogen source, has no pronounced effect on the 
assay results of gall tissiu^s. The differences between the values in 
either experiment are within the range of widest variation b(*tween 
concentrations of the same extract. The lower values with glycine 
may be due to the different extract employed. High(»r concentrations 
of dextrose increased the dry-weight yield of the fungus with aspara¬ 
gine in the presence of 0.2 and 0.3 gamma thiamine per 25 ml., and 
the highest concentration of plant extract (equivalent to 0.2 gamma 
thiamine per 25 ml.). There was no such increase with glycine. A 
conc('ntration of 50 grams of <lextrose per liter seemed in (»xcess but not 
inhibitory, and so was used in all later assays. 

It was tlms demonstrated (table 1) that with thiamine limiting, as 
it must b(‘ for assay purposes, increases in the concentration of nitrogen 
and dextros(* within the ranges employed did not affect the assay 
results. 

Glycine, aspartic acid, and asparagim^ were each demonstrated 
(table 1) to be suitable nitrogen sour(*es in the basic assay medium. 
To have an exact comparison of the three, it was necessary to assay 
samples of a single extract on media containing each as the sole nitro- 
g(*n source. The data from such an experiment are recorded in table 2. 
The assay values with glycme and asparagine as nitrogen sources 
are almost identical. Aspartic acid gave an average valut‘ slightly 
higher than either of the others. Glycine, then, seemed as suitable 
a nitrog(‘n source for tlie basic medium as asparagine, or aspartic 
acid, and was picierred because of its purity and relatively low cost. 
Therefore, glycine was used in all later assays, at 2.27 grams per liter. 


Table 2. '-■Thiamine values of a plant extract as affected by different nitrogen sources 

in the basic medium, ‘ 


Nitropcn sourw 

NitroRPii C(»n- 

Plant extract 2 
per 25 ml. of 
medium 

Thiamine in dried tissue 

IHsr liter 2 

P('r gram 

A verape 


! Gram 

Milliliter 

! 

7 

7 


\ 

1 1.25 

.5.4 

] 

Glycine. . - 

1 2.27 

2.5 

4.7 

[ 5.1 



1 3.75 

5.1 

1 



1 1.25 

5.8 

1 

Asi)arti<* acid.. 

4.00 

2.5 

0.9 

6.4 



1 3.75 

6.4 

1 



1 1.25 

4.8 

1 

Asparagine -- . ... 

2.00 

I 2-5 

6.4 

[ 5.3 



( 3.76 

5.7 

1 


‘ Dextrosti at 40 grains jH'r Ut«r was omrlu^cd with each. 

2 Concentrations are approximately equal on a total nitrogen basis. 

2 Extract of 2.5 gram.s of gall tissue contained In 250 mUllliter of water. 


EFFECT OF GROWTH PERIOD 

The shortest time that allows maximum growth of Phycomycef^^ at 
all concentrations of thiamine and plant extract employed, seemed 
desirable for assay work. Schopfer {SS, 43) found that maximum 
growth occurred in 7 to 9 days in 20 to 25 ml. of medium at 23° C. 
Some reduction in fungus weight was usuallv evident after 14 days, 
with 0,4 to 64.0 gamma of thiamine per liter. Burkholder and McVeigh 
{10) stated: “No loss in weight of the fungus occurred at 25' [C.) 
even at the end of thirteen days.” Their initial concentration of 
thiamine Was 10~^ molar. 
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Two experimeuts wore performed to determine the incubation 
period most suitable for assay. In the first experiment, duplicate 
flasks of each concentration of the check thiamine series and of the 
plant extract series were removed after 5, 6, 7, and 8 days’ growth. 
In the second experiment duplicates were removed at 6-, 7-, 8-, and 
9-day intervals. The data of the second experiment, plus the fifth- 
day data of the first, are recorded in table 3 as the average dry 
weight of mycelium per flask. The results at 6, 7, and 8 days were 
similar in the two experiments. 

Table 3. —Growth quantities of Phycomyces as related to time period in media 
with different concentrations of crystalline thiamine and plant extract, alone and 
combined 


Thlanune 
in 2,*) ml. of 
niiMliam 
(y^ 

Extract > 
in 25 ml. of 
nii>dlum 

Average dry weight of fungus rxT flask 
seeding 

at given time (days) after 

5 

6 

7 

8 

9 


MillUiter 

Milligram 

Milligram 

Milligram 

Milligram 

Milligram 

0.0 

0 

0 

1 

0 

0 

0 

.05 

0 

20 

23 

20 

19 

20 

.1 

0 

25 

.38 

42 

39 

37 

.2 

0 

23 

72 

77 

80 

77 

.3 

0 

32 

95 

110 

99 

105 

.75 

0 

41 

155 

100 

147 

157 

1.6 

0 

45 

159 

167 

161 

170 

2.25 

0 

38 

ICl 

167 

lf)4 

172 

.0 

5 

39 

54 


58 

56 

.0 

10 

78 

94 

” 101 

99 

101 

1.5 

5 

117 

i 174 

1 175 

1 177 

1 177 

1.5 

10 


1 199 

190 

184 

197 

1 


1 250 milliliter wfttor oxtniot of 1 gram of oold-driod, tomato gall tissue. 


The maximum growth of Phycomyces in these trials was reached 7 
days after inoculation. There was a very rapid increase in growth of 
the fungus between the fifth and sixth day after seeding. No decrease 
in fungus weight was evident at 9 days after seeding, except with the 
lower concentrations (0.05 and 0.1 gamma per 25 ml.) of thiamine. 
Since assays had been terminated after 8 days’ growth in most of these 
preliminary studies, it seemed desirable to compare the thiamine 
values obtained at 7 days with those obtained at 8 days. 

In several assays, duplicate flasks were removed at 7 and at 8 days 
and the thiamine values of extracted tissues determined at each of 
these intervals. The comparative thiamine values (gamma per gram) 
of five extracts, each determined at 7 and 8 days, respectively, were 
(1) 5.3 and 4.9, (2) 11.4 and 11.9, (3) 3.1 and 2.9, (4) 8.2 and 7.9, and 
(5) 12.2 and 12.2, The extracts were of different plant tissues, hence 
the variation in magnitude of thiamine content. Tnese data show that 
the difference between assay results detennined at 7 and at 8 days is 
negligible. All later assays were terminated at 7 days because of the 
convenience of the l-week interval. 

VAUDITY OF ASSAY 

Th^* validity of the Phycomyces assay is demonstrated to some 
extent by the data in table 2* Throe concentrations of the same 
e3iftra€t were used with all of the 3 media. These concentrations 
contained thiatnine within the quantitative range (0.05 to 0.3 gamma 
26 ml.) of the check curve. If thiamine were the only factor 






Aug. 1,1943 


Thiamine in Crown Gall 


97 


ill the extract which limited the growth of Phyeomyces, the 3 extract 
concentrations in a single medium should give identical calculated 
thiamine values. However, the values were not always identical; 
but neither did they show a consistent increase toward the highest 
or lowest concentration of the extract. Later experiments showed 
both more and less variation than was evident in table 2. It seemed 
unlikely that factors other than thiamine in the extract would influ¬ 
ence the growth of Phyeomyces to exactly the same degrcje as this 
vitamin. Hence, the fact that the thiamine values, detc^rmined from 
each of 3 concentrations of the same extract, were similar indicated 
that the assay was valid for the extracts used. Part of the deviation 
was probably due to manual error. Further evidence indicating the 
presence of interfering factors was obtained when combinations of 
crystalline thiamine and plant extracts were used. 

In a medium containing an optimum concentration of crystalline 
thiamine (i. e., 1.5 gamma per 25 ml., under the conditions of this 
experiment), plus plant extract, the vegetative growth of Phyeomyces 
at 5 days after seeding was pronouncedly increased over that in the 
same medium containing the thiamine alone (table 3). The fungus 
mat produced by tin* combination of tliiamine and plant extract 
exceeded the combin(‘d weights produ(*ed by the two when employed 
separately. The higher concentration of plant (extract, alone, 
exhibited a similar but not so pronounced stimulation of early 
vegetative growth. Th(^ cause of this stimulation may have been 
similar to the ‘^factor VJ' reported by Robbins {SOy 31) and Robbins 
and Haraner {S3). Regardless of the (•ause, it seemed doubtful if 
the stimulation of early vegetative growth affected the assay results 
since the effect was obscured by the seventh day in media contain¬ 
ing extracts which gave values within the quantitative thiamine 
range (table 3), Robbins {31) stated: ^Whether factor Z affects the 
dry weight of the mature mycelium of Phyeomyces when thiamine 
is present in limited quantity is uncertain.” Where thiamine was 
not limiting, however, the stimulating effect of extracts on maximum 
growth continued through 9 days (table 3). 

The combination of plant extract with an optimum concentration 
of crystalline thiamine gave a greater yield of mycelium at 6, 7, 8, 
and 9 days each than did the thiamine alone (extracts plus thiamine, 
table 3). The increase was greater with the higher concentration of 
plant extract. This experiment has been repeated with the same 
results. Since tliiamine was not limiting, there must have been 
another factor in the extract which brought about the increased 
growth. Perhaps this was the same factor that stiniulated early 
vegetative growth. However, this factor should not influence the 
assay unless it is evident when combinations of thiamine and plant 
extract are employed within the quantitative range. 

Assumi:^ that the growth of Phyeomyces on the basic assay medium 
is determined by the thiamine added, it would be expected that 
crystalline thiamine and plant extract in combination would produce 
an effect equivalent to their combined thiamine values when supplied 
within the ra^e of quantitative sensitivity. This idea was tested in 
^veral ejqieriments. The results of 4 of these trials are presented 
in table 4. In the first trial there was an exact additive effect. 
Crystalline thiamine and plant extract, in combination, produced a 

641SS»— 
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growth response identical with that of a crystalline thiamine quantity 
equivalent to the sum of their tliiamine values. In the other 3 trials, 
however, the actual thiamine values of the combinations were less 
than expected on the basis of a purely additive effect. In no case 
was there evidence of the *'other factor’' discussed in preceding para¬ 
graphs. The cause of these lower-than-cxpected values, though 
unknown, may be an inhibiting or toxic factor, or factors, in tlie 
extract (ll). 

Table 4. —Effect on the growth of Phycomycea ..of. comhinatwne of crystalline 
thiamine and plant extracts within the range of quantitative response 


lYial No. 

Source* of extract 

Thiamine 
value 1 of 
extract in 
medium 
(per flask) 


Expected values ^ 

Actual values ® 

thiamine 

in 

medium 
({lor flask) 

Total 

thlamine 

in 

medium 
(per flask) 

Dry 

weight 

of 

fungus 
(per flask) 

Total 

thiamine 

in 

medium 
(l)er flask) 

Dry 

weight 

of 

fungus 
(per flask) 

l.._ .. 

Fresh tomato galls... 
.do. 

•y 

0.07 

.112 

.045 

.103 

7 

0.1 

.1 

.1 

7 ^ 

0.17 
.212 
.146 
.203 

Milli- 

gmmft 

03 

74 

.«»». 

H8 

7 

0.17 
.10 
.096 
.108 

Millie 

grams 

63 

60 

42 

73 

2 .,.... 

3. 

.do. 

4.. 

Dry tomato galls. 




' The concentration ol thiamine on the check curve, which corresponds to the same dry weight of fungu 
as that produce<l by the extract. 

3 On the assumption that thiamine plus plant extract would give a growth effect equivalent to that pro- 
duocd by a quantity of thiamine-equal to *theiT combined values. For example, in trial 1 the expected 
thiamine value, 0.17 gamma, is the sum of the thiamine value of the extract (see footnote i), 0.07 gamma, 
plus the crystalline thiamine added, 0.1 gamma. The expected growth value, 63 mg., is the weight of 
fungus produced per flask with 0.17 gamma of thiamine per 25 ml., as determined from the check curve. 

* Actual thiamine value is the thiamine concentration corresponding to the same dry weight of fungus 
on the check curve. 


Such inhibiting factors were occasionally evident with the highest 
concentrations of the extract series in later experiments. The degree 
of inhibition varied greatly between experiments. Conditions which 
determined the presence or absence of these factors are unknown. In 
6 of the 65 experiments made during this study, toxic materials in the 
tomato extracts prevented sufficient gi’owth of Phycomyces for the 
collection of significant data. 

The validity of the Phycomyces assay was checked against 2 other 
procedures. Identical results were secured with this and a chemical 
method based on azo dye formation in assaying water extracts of rye 
germ,^ However, of the 2 procedures, the Phycomyces assay was much 
mpre applicable to measuring low concentrations of thiamine such as 
are found in rye middlings. Likewise the Phycomyces assay and the 
''chick” assay {2S) gave comparable results, as discussed later. 


ASSAY METHOD AS ADAPTED 


As a result of these preliminary experiments, the basic medium for 
later assays contained 60.0 gm. per liter of Bacto-dextrose, 2.27 gm. 
per liter of glycine, and the mineral salts as listed earlier. The cul¬ 
tures were incubated tor 7 days at 23® O. Water extracts of fresh plant 
tianes ware u^ed, phless stated otherwise. Other phases of the 
unchan^^ 
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As representative of data secured in later assays, results with cry¬ 
stalline thiamine and two plant extracts of the December 9, 1940, 
assay are given in table 5. The calculated thiamine values of the two 


Table 5. —Representative data from the Phycomyces assay of December 9y 1940 


Materials included per 25 ml. 
of basic medium 

Dry weight of fungus per flask 

Calculated thiamine 
values ^ 

Replicates 

Aver¬ 

age 

From 

each 

extract 

concen¬ 

tration 

Average 


Milli- 

Mitli- 

Milli- 

Milli- 

Milli- 



Crystalline thiamine ( 7 ): 

Cran.n 

grairs 

f/rams 

grams 

grams 

7 

y 

0.... 

3 

3 

1 

2 

2 



0.05.. 

27 

28 

26 

26 

27 



0.1,.... 

46 

47 

45 

45 

46 



0.2. 

78 

75 ! 

79 1 

80 

78 



0.3-... 

111 

106 

113 

103 

108 



Crown gall, extract (milliliters): 2 








5. ... 

39 

44 

38 

40 

40 

7.7 

1 ‘ 77 

10--... 

64 

65 

73 

67 

67 

7.6 

f 7.7 

Control-stem extract (milliliters):» 








6. 

28 

30 

29 

26 

1 28 

2.4 


10... 

54 

66 

64 

54 

1 67 

3.0 

If 


' Ver gram dry weight, of tissue extracted. 

* A lOO-iiil. watw extract of 2.5 gm. of fresh tomato gall tissue (8,6 iMJroent, dry weight), 
s A lOO-ml. water extract of 6.0 gm. of fresh, control, tomato stem tissue (9.4 percent, dry weight). 

concentrations of each extract were almost identical—illustrating 
again the dependability of the assay. Extract of the control stems 
showed the most variation, with a aifference of 0.6 ^amma between 
the two calculated thiamine values. The widest variations betweem 
replicate flasks were less than 10 percent in most cases. These larger 
variations were probably due to manual error. The data from the 
crystalline thiamine series in table 5 may be compared with those in 
fi^re 1. 



Fioxjrb 1.—^The relation of the growth of Phyoomyces to the concentration of 
crystalline thiamine in glycine medium. Each 250-ml. hask contained 26 
ml. of medium. 
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The relation of crystalline thiamine concentration to the growth of 
Phycomyces is graphically recorded in figure 1. Points on the curve 
were established from the average data of all (31) check curves in 
which these particular concentrations of thiamine were used. The 
data were obtained during the period from August 1940 to April 1941. 
Individual curves varied only slightly from the average. The nearly 
linear relation of the fungus Avcight to thiamine concentration in the 
basic medium is evident from these data. Thus, the check curves met 
experimental requirements. 

EXPERIMENTAL RESULTS 

THIAMINE IN (;R0WN GALL AND HEALTHY TISSUES 

The thiamine concentration in gall and stem tissues was determined 
in numerous experiments with greenhouse tomatoes, three experiments 
with greenhouse sunflowers, one with field marigolds, and two with 
field tomatoes. Typical data from greenhouse tomato plants are 
given in table 5. In this case the concentration of thiamine in gall 
tissue was nearly three times that in the control stems. Most of the 
data, are omitted because of their similarity to those presented. 
Preliminary experiments thus showed the thiamine content of crown 
gall tissue to be consistently higher than that of hea.lthy-i5tem tissue 
from analogous regions of check plants. 

The consistently liigh thiamine concentration in gall tissue led to 
further experiments aimed at clarifying the relation of thiamine to gall 
development. If thiamine were a causal factor in crown gall develop¬ 
ment, its concentration in the galls might be expected to increase or 
decrease as they increased* in size. A change in thiamine concentra¬ 
tion in the galls might also be associated with a concentration change 
in other parts of the inoculated plants. To determine these relation¬ 
ships, the thiamine content of the leaves, stems, and galls of diseased 

S lants was determined at intervals up to 5 weeks after inoculation. 

»eaves and stems of healthy plants were assayed for comparison. 
Six series of tomato plants, each including diseased and healthy in¬ 
dividuals, were used. Determinations were made at such intervals 
that each value in the composite results, given in table 6, included the 
averaged data from two or three series of plants. 

Table ^^-^Thiamine in parts of diseased and healthy tomato plants at progressive 
intervals after inoculation 


Thiamine per gram dry weight in— 


Weeks after Inoeulatlon 

Inoculated plants 

Check plants 

Galls 

Leaves 

Stems 

Leaves 

Punctured 

stems 


y 

» 7.0 

7 .e 

9.$ 

^ 7.5 : 
6.8 
4.2 
6.8 
8.4 

^ 3.7 

4.1 

U 

4.6 

*^ 7,1 

6.0 

8.0 

7,3 

7.7 

^ 4.1 
6.2 
2.9 
8.1 
4.1 

.. 

2 . .. 




/: iaow^ion point waa ijaed Urn skm the gaSa were not 
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It appears from the data in table 6 that, at least through the first 
5 weeks of development, the gall tissue was higher in thiamine content 
than either leaves or stems. At 1 and 2 weeks after inoculation the 
leaves of both inoculated and check plants gave higher values than the 
^‘galP^* but the fact must be considered that there was no gall, as 
distinct from stem tissue, during the first 2 weeks and hence the ''galP' 
tissue assayed contained stem material (fig. 2). However, thiamine 



FtouBs 2.—Stages in the development of crown gall on tomato: A, B, and C, 10 
days after inoculation; D, E, and F, 20 days after inoculation; (?, H, and /, 
30 days after inoculation; J, K, and L, whole plants from which the segments 
G, and /. respectively, were tideen. A, <?, and J, control plants; all 
others, inoculated. Inoculated plants (X and h) are dwarfed in comparison 
with control plant (J). A-/ appn>ximately natural size; about one-sixth 
natural size. 
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was evidently being rapidly accumulated at the inoculation point 
since the value at 1 week was considerably higher than in stem tissue 
of either inoculated or control plants. The leaves contained more 
thiamine than the stems. Values for stem tissues in inoculated and 
check plants were similar. Values for leaf tissues were similar up to 3 
weeks after inoculation. Beyond 3 weeks, however, the leaves of 
inoculated plants were lower in thiamine concentration than the 
leaves of control plants of similar ages. The thiamine concentrations 
in the leaves and stems of control plants and the stems of inoculated 
plants did not change significantly with an increase in age and size. 
The galls increased slightly in thiamine concentration from 3 to 5 
weeks after inoculation, during the period when true gall tissue was 
assayed. Though the increase in concentration was slight, the in¬ 
crease in content was much greater because of the increasing size of the 
galls. There is thus the possibility that the galls were aided in on- 
larging by the transport of excessive quantities of thiamine from the 
leaves, hence the decreasing concentration of thiamine in the leaves of 
inoculated plants as compared vrith those of control plants. 


TOTAL THIAH(fINE IN INOCULATED AND CONTROL PLANTS 

As has been noted in earlier studies, inoculated plants are usually 
shorter than controls (fig. 2). Tliis stunting becomes more noticeable 
with increased time after inoculation, correspondingly as the galls 
increase in size. Thus it si^.emed that the galls might be depleting 
other parts of the inoculated plant of necessary factors for growth, 
e. g., thiamine. The data in table 6, discussed in the preceding 
section, indicated that on a unit dry-weight basis thiamine was 
possibly being depleted in,the leaves of inoculated plants. 

To supplement these data, it seemed necessary to assay whole 
plants from inoculated and control series and compare their respective 
thiamine values. The above-ground portions of plants were assayed 
for thiamine at 4 to 5 weeks after i.ioculation. From three to five 
whole plants were used in the preparation of each extract. The 
thiamine values are thus representative of the entire aerial portions 
of the not of any specific tissue. The average thiamine value 

for inochlited plants from three experiments was 5.2 gamma per 
gram dry weight, and for control plants from identical experiments, 
5.7 gamma. Inoculated plants averaged 2.8 gamma diy weight each, 
making the thiamine content 14.6 gamma per plant. Control plai *^8 
averaged 3.4 gm, each, giving a thiamine content of 19.4 gamma pe. 
plant. The dry weight of both types of plants was roughly 10 per¬ 
cent of the fresh weight. Thus, control plants contained more 
thiamine though most of the difference was accounted for by the 
greater weight of the plants* 

The simuarity of the thiamine values per gram of diy weight for 
the two types of plants was also shown indirectly as follows: The 
total weight of the control pitots consisted of about 60 percent leaf 
tod 40 percent, ste^ inoculated plants consisted of about 45 

peromt leaf, 40 p^ctot stem, tod 15 percent gall tissues. Thus the 
amounts of stem tissues in the two types of plants were equal; 

shorter but much thicker in the region oi the 
to combined were the same perotot of the total 
0 to were leaves {done of the control plants* 
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The gall tissue, then, seemed to have been formed almost entirely at 
the expense of the leaves. When the thiamine concentrations of the 
two types of plants was computed from the assay values of the indi¬ 
vidual parts (galls, leaves, stems) and their respective percentages of 
the whole plarits, given above, the thiamine concentration per gram 
dry weight of inoculated plants was 5.7 gamma, and of control plants, 
5.9 gamma. These theoretical values compare well with the actual 
ones of 5.2 gamma per gram for inoculated plants, and 5.7 gamma per 
gram for control plants. 

DISTRIBUTION OF THIAMINE IN INOCULATED PLANTS 

Concentration of thiamine, as a growth factor, might b(» expected 
to be diffenuit in meristematic regions of the plant from that in re¬ 
gions that have reached maturity. Crown gall consists largely of 
tissue of a meristematic nature. Inoculated plants, then, have two 
aerial meristematic regions: (1) The apical tip, and (2) the region of 
inoculation. Th(‘ distribution of thiamine in inoculated plants was 
studied with particular concern for correlation between the concen¬ 
trations of this vitamin in the two areas of meristematic activity. 

The coiicinitration of thiamine in the following tissues of inoculated 
plants was determined about 4 weeks after inoculation: (1) Galls, 
(2) leaves, and (3) sections of the stems above the topmost galls. 
Stem sections wen^ divided into l.S-inch segments. The segments 
from the top (including the terminal bud), central, and bottom areas 
of the sections were assayed separately, giving three thiamine values 
for stem tissues. The thiamine concentration per gram dry weight 
of tissues from four replicates of the above experiment were averaged 
for the following values: Galls, 8.1 gamma; leaves, 6.8 gamma; top 
stem segments, 9.6 gamma; central stem segments, 5.8 gamma; and 
bottom stem segments, 5.6 gamma. The thiamine concentration in 
the stems thus showed a definite gradient which fell rapidly below the 
meristematic region.^ Galls were higher in thiamine concentration 
than leaves, and both were higher than the mature stein areas but 
considerably lower than the stem tips. However, the thiamine con¬ 
centration of the galls did approach that of the stem tips. This 
similarity may be due in part to the meristematic nature of gall tissue. 

THIAMINE IN PLANTS GROWN ABOVE AND BELOW THE MAXIMUM TEMPERATURE 
FOR GALL FORMATION 

It has been shown by Hiker (25) that crown galls develop well on 
tomato at 28® C. but fail to develop on this host at 32®. If thiamine 
were the limiting factor for gall formation, it might be expected that 
plants grown at 32® would show a deficiency in the vitamin to account 
for the failure of gall development. A series of plants was inoculated 
and one-half pf them transferred to each of two chambers, regulated 
to 28® and 32® C., respectively. After 5 weeks the plants were removed 
and stems, leaves, and galls assayed for their thiamine content. Galls 
had developed only at the lower temperature.. The thiamine values 
per gram oi dry weight for the 28® galls, leaves, and stems, respec¬ 
tively, were 8.4, 7.0, and 4.6 gamma; for the 32® leaves and stems, 

< After completion of the present manuscript, the following publication appeared reporting a sindliw 
gradient in tomato stems; Bonnsb, J, teanspobt of lauMiN m the tomato plant. Amer. Jour. Bot. 
29 : 136 - 142 . 1942 . 
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respectively, 6,9 and 5.1 gamma. A similarly treated series of plants 
inoculated with a partly attenuated bacterial culture gave correspond¬ 
ing results. Since the higher temperature evidently had no effect on 
the concentrations in the host plants, thiamine deficiency could not 
have prevented gall development. 

THIAMINE IN GAIXS FROM VIRULENT AND PARTLY ATTENUATED BACTERIAL 

CULTURES 

A partly attenuated culture, the AB-G strain of Hendrickson, Bald¬ 
win, and Riker (/-^), of Phytomonas tumefaciens erratically produces 
small galls, a few millimeters in diameter, on tomato. If thiamine 
were limiting the growth of the A6~6 galls, it might be expected that 
the concentration of this vitamin would be considerably less in them 
than in the galls produced by the vi!rulent culture (A6). 

A series of plants was inoculated with each of the cultures. Unin- 
oculated, but punctured, plants served as controls. Thiamine assavs 
were made on the various plant parts 8 weeks after inoculation. The 
thiamine concentration per gram of dry weight of the A6--6 galls 
was 7.8 gamma, and of the A6 galls, 8.8 gamma. On the basis of 
tliiamine content per gall, the values for A6 galls were much higher 
because of their relatively gi’cater size. The thiamine concentrations 
in stems and leaves, respectively, were similar in the two types of 
inoculated plants, and in control plants. 

I/Vhen tomato stems are inoculated with the A6 strain and, a few 
millimeters below, with the A6~6 strain, the latter produces galls sim¬ 
ilar in size to the A6 galls above them {21), This effect may be caused 
by some growth factor which diffuses from the region of the A6 inocu¬ 
lation and accelerates the A6-6 gall development. Galls from two 
such series of plants were assayed for thiamine 6 weeks after inocula¬ 
tion. The average thiamine value per gram dry weight of the A6 
galls was 8.5 gamma; of the A6-6 galls, 8.8 gamma. The thiamine 
concentration in these A6~6 galls, equal in size to the A6 galls, was 
only 1 gamma per gram greater than i^ the A6-6 galls which were 
alone on the plant and showed practically no development. Thus, 
the thiamine concentration in galls from the partly attenuated culture 
was increased but little when they were stimulated to greater growth. 

To determine whether thiamine had any of the stimulating proper¬ 
ties of the virulent bacterial culture when applied above inoculations 
of the A6-6 strain, thiamine in lanolin was applied to the decapitated 
tips of 45 plants inoculated with the attenuated bacteria. One-third 
of the series was treated with plain lanolin, one-third with 0.3 percent 
thiamine in lanolin, and one-third with 3.0 percent thiamine in lanolin. 
After 1 week, the plants were decapitated for the second time and 
fresh lanolin mixtures applied. The experiment was terminated 4 
weeks after the first treatment. There were no observed differences 
between the thiamine-treated and the nontreated plants in their reac¬ 
tion to A6-fi inoculations. Though stems of the plants, minus the 
limolin-covered tips, were assayed for thiamine at weekly intervals, 
the r^tdis were so erratic that it could not be certain how much of 
the added vitaihin reached the inoculation points. Thus, from this 
evidence, thiamine alone did not seem to possess the stimulating 
pri^eriSes of the 
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COMPARISON OF THIAMINE CONTENT OP VIRULENT AND PARTLY ATTENUATED 

BACTERIA 

The virulent strain (A6) of Phytomonas tnme^faciens had been shown 
{24) to be relatively rich in thiamine. It seemed desirable, therefore, 
to compare this strain and the partly attenuated one (A6~6) in regard 
to their thiamine concentrations. If the A6-6 strain synthesized less 
thiamine in culture, it might act likewise when introduced into a host 
plant and so influence the host reaction. 

Several cultures of the two strains were prepared for thiamine assay.^ 
The bacteria were grown in a synthetic medium {23), Two hundred- 
milliliter portions of the medium were added to 1-liter serum jars and 
autoclaved. The jars were seeded with the desire^d bacterial culture 
and incubated for 5 to 6 days at 28° C. The cultures were aerated 
with the aid of an automatic shaker for the entire incubation period. 
At the end of this period the cultures were centrifuged and the cells 
assaved for tliiamine. 

The average thiamine value per gram dry weight of cells from seven 
cultures of A6 was 17.5 gamma, and from five cultures of A6-6, 22.1 
gamma. The value for A6 cells is higher than that (12.0 gamma per 
gram) determined by the ^‘chick assayand reported by Mclntire, 
Kiker, and Peterson {^4)- More rapid growth in the present improved 
medium and the pyrimidine and thiazole fractions of thiamine, possi¬ 
bly present in the cells, may account for the higher value obtained 
with Phycomyees. 

Attempts to assay the cellfree medium failed because of the presence 
of a substance, or substances, inhibitory to the growth of Phycomyees, 

DISCUSSION 

The lack of uniformity in the conditions under which the Phyco- 
myces assay had been used by various workers necessitated some 
studies on the method preceding its adaptation to the present problem. 
Though most workers have used asparagine as the sources of nitrogen 
in the assay medium, it has the disadvantage of not being practically 
available in synthetic form. It must therefore be treated to remove 
the thiamine which may be present as an impurity. The amount of 
thiamine and other impurities may also vary between different lots 
of asparagine. It was in an attempt to overcome these disadvantages 
that glycine was tried as the nitrogen source. Glycine had previously 
been reported as suitable for the growth of Phycomyees {18, 36, 4^, 
49) and suggested for use in the assay medium {18), The present 
studies demonstrated the applicability of this compound to assay 
use, and it was preferred to asparagine (1) because of the more nearly 
linear relation of the weight of the fungus mat produced to the thia¬ 
mine concentration in the medium (i. e., a more nearly straight 
‘/check curve*’), (2) because of its relative purity, and (3) because of 
its relatively low cost. A basic medium containing. 2.27 gm. per 
liter of glycine, 50.0 gm, per liter of Bacto-dextrose, and inorganic 
salts proved quite satisfactory. The medium is less concentrated 
than that used by many workers. However, with thiamine limiting, 
increasing the nitrogen supply gave only slightly higher assay values, 
and increa sing the dextrose supply hod no apparent effect on the 

f Dr. F, C. Mclntire gav® valnatbl® MBisteace In the bacterial cultore work. 
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values. Therefore, the more concentrated media, which provide 
maximum growth with an excess of thiamine, need not be the best for 
assay use where thiamine must always be limiting. 

A growth period of 7 days for Phycomyces was the nearest optimum 
with all concentrations of thiamine (0.05 to 0.3 gamma per 25 ml.) and 
plant extracts under the environmental conditions used. There was 
a very rapid increase in growth between 5 and 6 days after seeding. 
After 9 days’ growth there was no decrease in fungus weight except 
in cultures with very limite^d supplies (0.05 and 0.1 gamma per 25 
ml.) of thiamine. Schopfcr {38, 43), and Burkholder and McVeigh 
{10) reported no loss in fungus weight for even longer growth periods 
when an excess of thiamine was present. 

The Phycomyces assay seemed to be valid since (1) different con¬ 
centrations, or quantities, of an extract gave similar calculated thia¬ 
mine values; (2) crystalline thiamine and plant extract combined 
exerted a growth influence equal to their combined thiamine values, 
except where the inhibitive action of the extract seemed evident; (3) 
other factors” in the plant extracts which stimulate growth of 
Phycomyces, even with an optimum concentration of thiamine present, 
were not evident at 7 days in media containing the extracts within the 
quantitative thiamine range; and (4) thiamine values of bacterial 
cells compared well with those obtained with the “chick assay” and 
reported by Mclntire, Riker, and Peterson {24). 

For determinations of thiamine in plant tissues, the Phycomyces 
assay is quite suitable since minute quantities may be detected in 
relatively crude tissue extracts. The method as used was sensitive 
to differences of 0.01 gamma of crystalline thiamine per 25 ml. The 
sensitivity to changes in the plant extracts was less, but still suffi¬ 
ciently quantitative for comparative purposes. Factors inhibiting 
the growth of Phycomyces, as sometimes encountered with tomato 
extracts, caused the most serious difficulty. 

The present studies have shown that thiamine concentration in 
crown gall tissues was consistently higher than in mature leaf or stem 
tissues of the same plant or similar tissues from uninoculated plants. 
Leaves contained more thiamine per unit of dry weight than mature 
stems, but usually less than galls. Thiamine was present at the 
inoculation points in almost maximum concentration within 1 week 
after the bacteria {Phytomonas tumejfaciens) were introduced. Hence 
there was not much increase in thiamine concentration during the 
period of rapid increase in gall size. 

As the galls increased in size, thiamine concentration in the leaves 
of inoculated plants tended to decrease. Tliis, in addition to the 
much lower percentage of leaf tissue in inoculated plants than in 
control plants, suggested that the galls were depleting the leaves of a 
normal complement of thiamine, thus contributing to the dwarfing of 
inoculated plants. 

Two reasons are offered for the relatively high thiamine concentra¬ 
tion in the gall tissues* First, the bacterial cells are rich in the vita- 
mhi, ns shown by Mclntire, Riker, and Peterson (^4) and confirmed 
ip the pr«^ent studies. It is noteworthy that the number of bacteria 
maathnum during the first wUek (^) when the thiamine 
is the maximum. Second, the gall tissue is 

m^atematic in nature and, as was shown in the case of stem tips, 
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this type of tissue is considerably higher in thiamine concentration 
than mature or nearly mature tissues. 

Thus, the higher thiamine concentration in crown galls than in 
mature, normal tissues from adjacent regions of the same plant or 
similar regions of healthy plants, is probably due, in the early stages 
of gall development, more to the presence of crown gall bacteria than 
to the meristematic nature of gall tissue. With progressive develop¬ 
ment, however, the relative importance of these causes is possibly 
reversed. 

Other lines of evidence, discussed under their individual headings, 
failed to indicate that thiamine played a causal role in crown gall 
initiation or development. These included comparisons of the thi¬ 
amine concentration in inoculated and control plants, the effect of 
temperatures above and below the maximum for gall formation on the 
thiamine concentration in the host plant, and comparisons of the 
thiamine concentrations in virulent and partially attenuated bac¬ 
terial cells and galls produced by these cells. 

It appears, therefore, that thiamine alone does not have a causal 
role in crown gall initiation or development beyond that of any 
necessary food or growth factor transported to, or produced in, that 
area of meristematic activity. 

SUMMARY 

Some reflations of thiamine to crown gall development have been 
studied. The Phycomycee assay was used for all thiamine determina¬ 
tions. 

Glycine, aspartic acid, and asparagine were compared as nitrogen 
sources in the basic medium for Phycomyces. Glycine w as selected as 
the most suitable source because of its relative purity, its relatively 
low cost, and the more nearly linear relation of thiamine concentration 
in the new glycine medium to the dry weight of Phycomyces. 

A basic assay medium containing 2.27 gm. per liter of glycine and 
50.0 gm. per liter of dextrose was most satisfactory. 

At 23® C. an incubation period of 7 days gave optimum growth at 
all concentrations of ciystalline tliiamine and plant extract employed. 

Thiamine concentration in crown gall tissue was consistently 
higher than in mature, or nearly mature, stem tissues from inoculated 
or check plants. This relationsliip was found with greenhouse and 
field tomatoes, greenhouse sunflowers, and field marigolds as host 
plants. 

Thiamine accumulated in almost maximum concentration at inocu¬ 
lation points within 1 week after treatment, and before macroscopic 
galls were evident. 

The tliiamine concentration in galls remained fairly constant from 3 
to 5 weeks after inoculation, during the period of rapid increase in gall 
sijie, and approached that in the growing tip of the host plant. 

Mature leaves containexi more thiamine per unit of dry weight than 
mature stems, but usually less than galls. 

The content of thiaimne per unit dry weight of the whole aerial 
portions of inoculated tomato plants was similar to that of comparable 
portions of control plants. Control plants contained more thiamine, 
however, because they were larger. 
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Temperatures above (32° C.) and below (28° C.) the maximum for 
gaJl formation on tomato had no apparent effect on the thiamine 
concentration in various tissues of inoculated plants. 

The minute galls produced by a partly attenuated culture of 
Phgtomonas tumejadens contained as high a concentration of thianune 

t )er gram of dry weight as did the large galls produced by the viru- 
ent culture. 

Stimulation to large gall production, where the attenuated culture 
was introduced into a stem below inoculations of the virulent culture, 
had slight if any effect on the thiamine concentration of the resulting 
galls. 

Crystalline thiamine in lanolin failed to produce similar stimulation. 
The bacterial cells of the partly attenuated culture, grown on a 
synthetic medium, contained more thiamine (22.1 gamma) per gram 
of dry weight than the cells of the virulent culture (17.5 gamma) 
grown on the same medium. 

It appears, therefore, that thiamine alone does not have a causal 
role in crown gall initiation or development beyond that of any 
necessary food or growth factor transported to, or produced in, that 
area of meristematxc activity. 
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HARDWOOD INVASION IN PINE FORESTS OF THE 
PIEDMONT PLATEAU' 


By Leonabd I. Barrett, nenior nlvicuUunst, and Albert A. Downs, junior 
foresterf Appalachian Forest Experiment Station^ Forest Service, United States 
Departmerd of Agriculture 

INTRODUCTION 

Forest stands of pure pine are important factors in the wood-using 
economy of the Carolina and Virginia Piedmont Plateau. Thousands 
of portable and semiportable mills representing everything from small, 
part-time, family-operated businesses to fairly large, full-time mills 
are, for the most part, dependent upon pine sturapage for their 
existence. Both the farm-woodland owner and the industrial land- 
liolder find that ready markets exist for a variety of pine forest prod¬ 
ucts and that it takes hardwoods many more years to yield similar 
products. The demand not only for lumber but for pulpwood, 
poles, and a number of minor products has tended to call for a large 
proportion of pine in the total stumpagc utilized locally. Although 
good grades of hardwood logs are usually accepted at the larger per¬ 
manent mills, the market for th(^e species, particularly oaks and 
hickories, has not been as steady as the market for pine. The large 
furniture industry of th<^ piedmont region finds in nearby forests only 
a limited number of usable native hardwoods and is dependent on 
distant sources for sugar maple, birch, cherry, and other standard 
furniture woods. 

Comparison of stumpage values and pn^sent growth rates of pines 
and hardwoods provides further evidence of the importance of pine 
species in piedmont forest enterprises. Records for 1940 show an 
average stumpage value of $5.83 per thousand board feet for 466 
transactions involving a total of 204.2 million feet of yellow pine, 
principally shortleaf and loblolly, in-the Carolinas and Virginia. 
From the upland hardwood type, dominated by oaks and hickories, a 
total of 4.2 million feet of oak stumpage was sold in 52 transactions 
at an average price of $5.73 per thousand board feet, while 258 thous¬ 
and board feet of hickory in 9 transactions brought an average stump¬ 
age price of $4.16. Hardwood species that dominate the bottom-land 
hardwood type, on the other hand, have stumpage values equal to 
that of pine or even higher* Among these species are yellow poplar 
(Liriodendron tvlipifera)^ sweetgum (Liquidainbar styraciflua), red 
maple {Acer rvbrum)^ black tupelo {Nyssa sylvaiica)^ and sycamore 
(Platanus occidentalis), though markets for the last three are still 
quite limited* 

Studies * of growth rates in existing stands indicate that pine types 
are much more productive than the upland hardwood type with 
which they are commonly intermingled. In the North Carolina 
piedmont, uncut second-growth sawlog-size stands occupy 25 percent 

J geeeivwi lor pubUeation August 14,1942. ^ « « «* 
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112 


Journal of Agricultural Research 


Vol. 67, No. 3 


of the forest land. For the various forest types within this condition 
class, current annual growth per acre in board feet was found to be 300 
for shortleaf pine, 331 for loblolly pine, 199 for bottom-land hard¬ 
woods, and 159 for upland hardwoods. Partly cut second^rowth 
stands occupy about 18 percent of the forest lands; within this class, 
current growth was 189 board feet for shortleaf pine, 215 for loblolly 
pine, 202 for bottom-land hardwoods, and 124 for upland hardwoods. 

Present evidence therefore indicates that the pine types not only 
grow at a much faster rate than the upland hardwood types, but also 
produce wood of greater value. Attainment of maximum returns 
from upland piedmont forests consequently appeal’s to reguire main¬ 
tenance of as high proportions of pine as arc economically and sil- 
viculturally . feasible. This is not necessarily true for the stream 
margins and other moist locations characteristic of the piedmont 
bottom-land hardwood type. H(‘re growth is somc'what slower than 
in the pine types, but the lower production is offset by the greater 
values of some of the dominant hardwood species. 

In the Carolinas and Virginia, the piedmont region, with a total 
land area of about 26 million acres, lies between the foothills of the 
Appalachian Mountains on the west and the level Coastal Plain to 
the east. A rolling, upland country, sloping gently eastward from 
elevations of 1,000 to 1,200 feet in the Appalachian foothills to 400 
or 500 feet at its eastern margin, this region is favorable to agriculture 
because of its topography, a 6-months' growing season, and a 40- to 
50-inch annual rainfall. 

Long-continued and widespread farming has had a marked influoncL^ 
in modifying forest types and conditions. Slightly more than half 
of the land surface of this region is occupied by forest, of which more 
than 70 percent is classified as pine types. The cycle of land clearing, 
cultivation, soil erosion and impoverishment, and finally abandon¬ 
ment, has created conditions particularly favorable to tne develop¬ 
ment of pure pine stands. Exposure of mineral soil, as in abandoned 
fields, is a reguirement for the best germination and early survival of 
pine. The dispersal of the light, wind-borne seed from pines growing 
m adjacent forest completes the conditions under which the pines 
could gain ascendency over their common plant associates. Since 
three-fourths of the present forest area of the piedmont region was in 
cultivation at some time in the past, there is little reason to wonder 
at the high proportion of pine types now present. 

During tne past generation both land clearing and abandonm.ent 
of land for farm-crop production have abated. Agriculture has be¬ 
come relatively stabilized on the better lands. Woods burning has 
been reduced by the direct activities of State and Federal forest- 
conservation agencies, and by the educational programs of these and 
other public and private organizations. Under such conditions natu¬ 
ral trends in the development of forest associations mi^t be expected 
again to become operative. For this reason the presence of numerous 
hardwoods in the understory of pure pine stands and their conspicu- 
ofisness in the growth following logging have led many to suppose that 
nature t<mds toward stands of pure hardwoods or of mixed hardwoods 
imdpihe,rato 

If qnikiititative evidence can establish that the understory hard- 
irpods now pfj’eseni in pure pine types are thriving, then the assumed 
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hardwood invasion can be more fully substantiated as an active trend 
already operative in the territory^—a development which may ser¬ 
iously reduce the proportion of pine in future forests and have a 
marked effect upon silvicultural practices. Late in the summer of 
1938 a study was made to collect quantitative data that would es¬ 
tablish the widespread presence or absence of this trend and provide 
specific measurements of its character. 

OBSERVATIONS BY OTHER WORKERS 

Early literature dealing with the natural resources of the piedmont 
region provides strong evidence that the original forests were domi¬ 
nated by hardwood species. In 1858, Wilkes (isy made especial 
reference to the culled-over oak forests of the piedmont and predicted 
the disappearance of hardwood timber there. Bruce (S) and Curtis 
(4) mentioned the predominance of oaks and hickories, the former 
stating that one-fourth of the original forests of Virginia were walnut. 
However, because hickory at that time was classed as a kind of wal¬ 
nut, it is assum.ed that a large proportion of this abundant * Valnut’^ 
was Carya species. Hale (5) and Parkins (8) mentioned pine species 
as subordinate to hardwoods in old-growth stands. In 1897, Pinchot 
and Ashe (9) referred to the remaining original forest stands on pied¬ 
mont uplands as being composed of oaks and hickories with an ad¬ 
mixture of shortleaf pine in some places. Second-growth forests, 
however, had “pine for the forest body generally, and hardwoods as 
subordinate.” 

More recently, general observations by ecologists have led to the 
hypothesis that the extensive second-growth pine forests of the Pied¬ 
mont are b^inning to revert to hardwoods. Weaver and Clements 
(10), and A^lls (11, 12) have stated this point. Quantitative data 
substantiating the existence of such a trend have been published by 
Billings (2) who made detailed studies of seven old-field shortleaf 
pine stands occurring in Durham CounW, Even in the sandy soils 
of the longleaf pine type, Heyward (6) found strong evidence of re¬ 
placement of pine by hardwoods where the forests had not been 
burned. 

METHODS OF STUDY 

The study was limited to stands of the two pines of the piedmont 
region most important commercially—shortleaf pine (Pinus echinata) 
and loblolly pine (P. taeda). A random selection of 40 piedmont 
counties in the Carolinas and Virginia was first made and sample 
stands within each of them were studied. It was necessary to exer¬ 
cise some choice of study areas in order to obtain samples of a wide 
range of stand ages, sites, and densities for both species. Sampling 
was further limited to areas where pine made up at least 90 percent 
of the overstory stem count and where neither grazing nor light cutting 
had taken place within 5 years, and no extensive cutting or thinning 
within 10 years. Bottom lands and swampy areas were excluded 
because they are not typical of the region and occupy a relatively 
small portion of Uie forest area. Within these limitations the selection 
of sample stands was objective, to prevent an}^ partiality toward pine 
stands eithe r with or without hardwood imderstories. 

* Italic immber$ to parentbesea refer to Literature Cited, p. 127. 
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In forest stands meeting the requirements named, detailed data 
were recorded on 117 plots (fig. 1). Of these, 65 were in the short- 
leaf type and 52 in the loblolly type. Most of the plots wore one- 
fourtn acre in size, but a few situated in dense, young stands were 
only one-tenth acre. 



Figure 1. —Location of sample i)lots and extent of Piedmont Plateau in the 
Carolinas and Virginia. 


On each sample plot a stem count of the woody vegetation, includ¬ 
ing both shrubby and arborescent forms, provided data for the three 
measures of the understory used, namely: (1) The percent of all 
hardwood stems represented by the climax species, oaks and hickories, 
(2) the number of oaks and hickories per acre, and (3) the number of 
stems of pine reproduction per acre. From measurements of sample 
trees, the pine overstory of each plot was described by age, site index, 
and density index. Methods of determining density of stocking in 
lobloHy pine were those developed by MacKinney and Chaiken,^ 


4 A. L„ and Chaikvn, L. B. volums, Ti»tD, Am> caowm o» loblolit pwb in wb 

mp*Atet>ytiGj^AaTAL BitoioN. U. S. Forest Serv. Appal^ian Forest Bxpt. Sta. Tech. Note 88.30 pp„ 
(lllis, If89« irreoessed.j 

I a defined by these authors ss the ratio (expressed as percent) of the observed number of 
« ^ ***®****®h«*‘expected in fully stocked stands of tobloUy pine. In the coastal 

— ^ J)y Moncea loblonv ^ands of the following average diameters at breast height are assttmed to oon* 
—I trecsiiet wmjW m, 10.0 Inches, 288; and lAO inches. 142. Site index Is defined 

ad Uie avSMNie heipt In feet attained by domlnwt and codominant trees in such tally stored stands at the 
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For shortleaf pine, density of stocking was based on similar but as yet 
unpublished density criteria. The number of years having elapsed 
since the latest fire was carefully estimated from such evidence as the 
age of sprouts arising from fire-killed hardwood trees and the number 
of annual rings in the callus gi'owth over fire scars found in cut stems. 

The plots were then grouped into two categories: First (termed 
^^imburned'O, those which had not been burned over for 10 years or 
more; and second, those which had been burned at least once within 
10 years. Data from each group were tested in a series of multiple 
regressions for ndationships between measures describing the under¬ 
story of each plot and measures describing the pine overstory. The 
multiple regression method was used because it provides a ready 
means for detecting the direction of trends and the testing of their 
significance. Graphic comparison of average regression lines with 
plotted residuals indicated that for most of the tests relationships 
were linear or nearly so. Because significant average trends rather 
than accurate predicting devices were sought, no attempts were made 
at refinements that would recognize the presence of curvilinear re¬ 
lationships in the f(?w cases where this apparently occurred. 

RESULTS FOR UNBURNED STANDS 

The majority of the plots had not been burned within the preceding 
10 years, and are referred to as unbumed. It was from these unbumed 
stands that the most significant and clear-cut results were obtained. 
Results from the burned stands were much less conclusive, probably 
because of the comparatively limited amount of data and the ini- 
possibility of reconstructing accurate fire histories. 

Of the three criteria used to describe the pine stand—age, site index, 
and overstory density—the first is likely to be the most revealing in 
any study of long-time changes in the hardwood understory. This is 
clearly shown in table 1. The importance of the other two criteria 
lies in their cA)iiceivable effect on hardwood understories and hence on 
the correlation existing between age of the pine stand and the under¬ 
story. Both density and site, however, as well as age, have significant 
effects upon understory pine reproduction. Such are the important 
generalities drawn from the study. They will be developed more fully 
in the following discussions. 

Because oaks and hickories are commonly accepted as climax species 
of the region, their representation (percent of total stems) in the 
hardwood understories of pine stands is of particular si^ificanco. 
Furthermore, any consistent differences in their representation under 
pine overstories of varying ago is strongly indicative of natural trends. 
Figure 2 shows that in unbrnmed stands of both shortleaf and loblolly 
pine, oaks and hickories are abundant in hardwood understories, and 
also that their proportionate number increases with the age of the pine 
overstory. The climax species make up about 17 percent of the hard¬ 
wood understory in 20-year-old shortleaf pine stands. This proportion 
rises steadily to approximately 42 percent in 90-year-old shortleaf. 
In loblolly pine stands the trend is the same but at a lower level. 
Strong evidence is thus provided that oaks and hickories are able to 
increase in competition with associated understory hardwoods. 



116 


Journal oj Agricvltural Research 


Vol. 67, No. 3 


Table 1. — Summary: Correlation of dependent variables describing under story with 
irmependent variables describing pine overstory 



AGE OF PINE OVER8TORY (VEARS) 


Figure 2. —Correlation between age of pine overstory and representation of oaks 
and hickories in the hardwood understory for stands unourned for at least 
10 years. Plotted points are residuals. 

Figure 3 shows that increasing representation of oaks and hickories 
is accompanied by an absolute increase in their numbers, in both short- 
leaf and loblolly pine stands. For the former the average number of 
uhdemtory oaks and hickories was about 200 per acre at 30 years of 
increasing to approximately 1,000 stems per acre at 90 years. 
Wot loblolly pine the average number of understory oa^ and mckor- 
im was approximately 100 and 600 stems per acre at 30 and 90 years, 
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respectively. These statistics showing absolute and relative increases 
in numbers of oaks and hickories substantiate the general observation 
that invasion by these climax hardwoods is now under way in the pine 
forests of the piedmont region. 



Ficjtire 3, —Correlation between age of pine overstory and number of understory 
oak and hickory stems per acre for stands unburned for at least 10 years. 
Plotted points are residuals. 



Figubb 4. —Correlation between amount of understory pine reproduction per 
acre and age of pine overstory for shortleaf pine stands unburned for at least 
10 years. Plotted points are residuals. 


Relationships between pine reproduction and the pine-overstory 
characteristics already mentioned provide another measure of the 
importance of hardwood invasion. The pine reproduction showed a 
trend opposite to that of understory hardwoods. For shortleaf pine, 
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figure 4 shows that the number of understory pine stems per acre de* 
creases as the parent stand grows older and that average stands beyond 
70 yearn of age contain very little pine reproduction. Figure 3 has 
shown that at this age 700 to 800 oaks and hickories per acre will bo 



Figubk 5.—Correlation between overstory density of pine stands and amount of 
understory pine reproduction per acre in stands unb\iriied for at least 10 years. 
Plotted points are residuals. 



Figubb 6.—Correlation between site index of pine overwood and amount of 
understory pine reproduction per acre for stands unburned for at least 10 years. 
Plotted points are residuals* 


present. Understory reproduction of loblolly pine differed from that of 
shortleaf pine in its relation to age of the parent stand, since there was 
a slight increase in lobloll]^ seedling count as the main^stand age 
advanced. From a statistical viewpoint, however, the amount of 
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loblolly pine reproduction in unburned stands is not significantly cor¬ 
related with overstory age (table 1). In other words, the average 
number of loblolly pine seedlings per acre does not differ greatly with 
respect to various ages of the ovemtory. For the stands studied, the 
average number per acre was approximately 200. 

Aside from their differing relations with overstory age, the amounts 
of understory pine reproduction in both shortleaf and loblolly pine 
stands react similarly to variations in site index and overstory density. 
The reproduction of both species decreases sharply in numbers per 
acre as density of the overstory increases (fig. 5). This gives further 
evidence of the intolerance to shade of these species and their general 
disinclination to grow in uneven-aged stands except those which are 
very open. Figure 6 shows that this trend may, however, be modified 
by site, the amount of reproduction of each species increasing with the 
site index. 

Discussion of the development of understories in relatively unburned 
pine stands has thus far been confined to average trends. More specific 
comparisons of understory conditions for various combinations of 
oveiwood age, site, and density are presented in figure 7. 

For shortl(»af pine, figure 7 indicates that in stands 40 to 50 ycal’s of 
age and older, the climax hardwoods will outnumber pine reproduction 
except under the lower oveiwood densities. It is also apparent that 
the*- excess of climax hardwoods over pine reproduction is likely to be 

f reater on the poorer shortleaf sites than on the better ones. The 
'orest Survey has shown that for shortleaf pine stands in North and 
South Carolina, site index 60 is the one of most frequent occurrence. 
It follows that the advance reproduction in stands of sawlog size, say 
those older than 45 years, is quite likely to be dominated by oaks and 
hickories rather than by the reproduction of the parent stand. 

For loblolly pine the trends are somewhat different. The number 
of uiid(?rstory stems of this species is more nearly equal to the number 
of oaks and hickories. Nevertheless, on sites 60 and 70 oaks and 
hickories outnumber pine reproduction in the better-stocked older age 
classes. According to Forest Survey records, site index 70 is of most 
freciuent occurrence in loblolly pine stands of the Carolinas. Conse¬ 
quently, advance reproduction dominated by climax hardwoods may 
be commonly expected in many of the better-stocked loblolly stands, 
although figure 7 indicates that the preponderance of oaks and hickories 
over pine in the understory will not be so great in loblolly as in short¬ 
leaf pine stands. On loblolly pine sites 80 and 90, particularly the 
latter, the amount of pine reproduction exceeds that of climax hard¬ 
woods except in the oldest and densest stands. 

In the foregoing discussion comparisons have been made between 
the amounts of pine reproduction and climax hardwoods present in 
the understories or advance reproduction of pine stands. The climax 
hardwoods, oaks and hickories, were used in these comparisons because 
it seems reasonable to expect that pine reproduction will suffer more 
severe and persistant competition from them than from secondary 
hardwoods. 

Although for certain combinations of overwood conditions, as 
already shown, oaks and hickories do not exceed pine stems in the 
understoiy, when the number of secondary hardwoods is added (fig. 2) 
the total is much greater than that for both pine species for practically 
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Figube 7.—Comparison of understory pine with understory oak and hickory 
steins in pine stands for various combinations of overwood age, density^ and 
site* Broken lines show average numbers of oak and hickory stems, solid lines 
average numbers of pine understory stems. Stands unburned for at least 10 


yeans. 
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all overstory combinations. Since the competition of secondary 
species may fully equal that of the oaks and hickories in limiting 
pine establishment and growth during the first few years after cutting, 
the combined effect of primary and secondary hardwoods is of first 
importance. 

RESULTS FOR BURNED STANDS 

It is intciresting to compare the foregoing evidence of successional 
trends in the relative absence of fire with findings in stands burned 
at least once during the past 10 years. Because sample-plot records 
from such burned stands were available only in limited quantity, 
however, and because both fire histories and intensity of individual 
fires probably varied greatly, few significant relationships were dis¬ 
covered. 

As shown in table 1, no evidence of hardwood succession in burned 
stands of shortleaf pine was found. Neither the number of stems nor 
the percent of climax species in the understory was correlated with 
overstory age, density, or site. Apparently the fires in these shortleaf 
stands had the effect of halting the trend toward hardwoods. Climax 
species in tluj understory were not eliminated, however, but were 
present on an average in about half the numbers found in unburned 
stands. Pine reproduction in the burned stands, it may be added, 
was more abundant on the better sites, as it was also in the unburned 
stands. 

The burned-over loblolly pine stands studied gave evidence of suc¬ 
cessional trends similar to those in unburned stands. Both the 
proportion of climax species in the understory and their absolute 
numbers were found to increase significantly as the pine overwood grew 
older. Moreover, in these respects there was almost no difference 
between burned and unburned stands. Figures 8 and 9 when com¬ 
pared with figures 2 and 3 illustrate this result. Evidently the fires 
that occurred in the loblolly stands had very little effect on the under¬ 
story hardwoods. 

Effects of fire on underetory pine reproduction also differed between 
stands of the two pine species. In shortleaf pine stands, the number 
of understory pine stems was found to increase as the overwood grew 
older. This relationship, shown in figure 10, is in direct contrast to 
the trends of understory pine reproduction in unburned stands, as 
may be seen by referring to figure 4. 

In burned loblolly pine stands all normal relationships between 
amount of pine reproduction and overstory characteristics appeared 
to be upset by the fires. Pine reproduction had not been eliminated 
in these burned stands, but was present in from one-half to two-thirds 
the amounts found in similar unburned stands. 

To summarize the results from the burned stands, it can merely be 
stated that fire was apparently favorable to maintenance of shortleaf 
pine, but showed opposite effects in loblolly stands. No evidence 
gathered in the study was helpful in explaining this inconsistency. 
It is believed that the shortleaf and loblolly pine stands examined had 
generally dissimilar fire histories, and that the differences in fire effects 
are due primarily to such variations. It did not appear possible to 
reconstruct the fire histories accurately by the ex post facto procedures 
necessarily used. 



'20 


80 


40 60 

ACE OF PINE OVERSTORY (YEARS) 

Fwttre 8. —Correlation between age of pine ovcrwood and representation of 
oaks and hickories in the understory for loblolly pine stands burned at least once 
during the past decade. Plotted points are residuals. 



AGE OF PINE OVERSTORY (YEARS) 


Figure 9 . —Correlation between age of pine overstory and number of under- 
stoi^ oak and hickory stems per acre for loblolly pine stands burned at least oiice 
during the past decade. Plotted points are residuals. 
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ACE OF PINE OVERSTORY (YEARS) 


Figure 10. —Correlation between age of pine overstory and amount of under- 
story pine reproduction per acre for shortleaf pine stands burned at least once 
durihg the past decade. Plotted points are residuals. 
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IMPLICATIONS OF RESULTS IN FOREST MANAGEMENT 

The establishment of hardwood invasion as an aggressive succes- 
sional trend in shortleaf pine stands and a less aggressive but never¬ 
theless distinct trend in loblolly pine carries far-reaching implications 
with respect to the management of these stands. Not only do the 
oaks and hickories in the understory outnumber the pines on many 
unburned areas, but these climax species are only a part of the total 
number of understory hardwoods. Many of the associated hardwoods 
play a subordinate role in mature hardwood stands, but they may be 
equally effective competitors of pine in juvenile stages. Not only do 
these hardwoods compete with smaller numbers of growing pine 
seedlings for light, moisture, and nutrients, but their presence creates 
a condition unfavorable to the ready establishment of pine reproduc¬ 
tion. The mantle of hardwood leaf litter tends to prevent contact 
of the pine seed with the mineral soil, which is essential for good 
germination and early survival of the pines. On the other hand, a 
litter of hardwood leaves forms the best natural seedbed for good 
germination and early survival of heavy-seeded species such Us the 
oaks (f, 7). 

Although it is entirely probable that it will be advantageous to 
allow replacement of pine to take place on some areas, it is at present 
impossible to determine wdiich these are, except for the more obvious 
locations in well-drained stream bottoms and other moist sites where 
the more valuable hardw'oods are usually present in some degree. 
Investigation of soil characteristics, which have been markedly 
changed by several generations of cultivation and subsequent de¬ 
pletion, probably offers the best avenue for solution of this problem. 

It is also probable that no practicable forest-management measures 
can entirely control a natural trend so pronounced and persistent as the 
one described. The drastic measures that originally accomplished 
control of hardwoods and creation of pure pine stands, nameiy> 
tensive land clearing and cultivation, cannot be considered practical 
in timber production. It is possible, however, that workable methods 
for partial control of hardwoods and maintenance of high proportions 
of pine can be developed. 

One possibility that suggests itself is the use of fire. Controlled 
burning, for a variety of purposes, has long been a controversial subject 
in the South. Although this study provides some indication that fire 
may favor establishment of pine, the evidence is not at present suf¬ 
ficiently clear-cut and consistent to justify recommendations of burn¬ 
ing as a general practice. 

For the immeaiate future, the most promising measures for mainte¬ 
nance of a high proportion of pine in mixed stands are found in the 
methods of t^ing the final harvest and in the silviculture applied to 
subsequent new growth. 

Where forestry is practiced, two general methods pe customarily 
considered for harvesting mature pme saw timber, i. e., extremely 
heavy or clear cuttings % the strip, spot, or seed-tree method, and 
lighter or selective cuttings. Following seed-tree cuttings, no trees 
remain except the few chosen, and all or part of these may bo removed 
after reproduction is established. In clear cutting, it is expected that 
renewal of the stand will be accomplished by seed already on the 
ground or dispersed from uncut bodies of timber purposely left adjacent 
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to the cutting area. The objective of the clear-cutting method is to 
produce even-aged stands so distributed that annual or periodic 
harvests of financially mature portions of the forest represent a sus¬ 
tained yield from a given property. The method envisions thinnings, 
improvement cuttings, and salvage cuttings prior to the final cut, 
for the dual purpose of obtaining intermediate harvests and main¬ 
taining the most desirable growm rate of those stand components 
chosen for the final crop. The basic concept of this method, therefore, 
is the management of a forest property by even-aged groups and it is 
usually thought to apply best to species that do not reproduce well in 
the shade of older trees. The term “clear cutting” is understood to 
connote the orderly harvest of mature stands with area regulation to 
keep the rate of cutting within the limits of sustained yield, and care¬ 
fully planned provision for reproduction. 

In the lighter or selective cuttings, individual mature or poor-risk 
trees are removed throughout an entire cutting area and a compara¬ 
tively heavy stand remains. The method usually combines essential 
features of both harvest and improvement cuttings in a single opera¬ 
tion, which is repeated at short intervals. Here, renewal of the stand 
is accomplished by seedling establishment in the small openings created 
by the selective cutting. The usual concept among foresters is that 
the use of this method implies the maintenance of an all-aged or 
many-aged forest, wherein several or many age classes may be present 
on an area as small as a ouarter or even a tenth of an acre. Th(^ 
method is commonly consiaered as being the best for optimum long¬ 
time production of shade-tolerant species. As used here, therefore, the 
term “selective cutting” applies only to those operations by which 
mature saw timber is harvested and provision is made for regeneration 
under a silvicultural policy aimed at development and maintenance of 
all-ajged stands. It does not include thinnings and improvement 
cuttings made in young stands for intermediate harvests of pulpwood, 
poles, or piling. 

Will these two methods provide equally well for a high proportion 
of pine in future forests, where aggressive hardwood invasion exists? 
In the all-aged stands produced by selective cutting it is probable that 
the loblolly and sbortleaf pine overstory would average about 40 in 
density index and about 70 years in age. The most common site 
index in shortleaf pine stands is 60. For site index 60, density index 
40, and age 70, figure 7 shows that the average understory will be 
composed of about 250 pine seedlings and 740 oak and hickory stems 
per acre. Figure 2 shows that oak and hickory stems will make up 
about 35 percent of all understory hardwoods; accordingly the total 
number of hardwood stems will be more than 2,100. For loblolly 
pine of the most common site, which is 70, there will be about 460 pine 
seedlings and 410 oaks and hickories per acre in the average under- 
story, Figure 2 shows that these climax species will be about 27 
percent of all understory hardwoods, totaling 1,500 stems per acre. 
With hardwoods so far outnumbering pine m the understory, the 
chances that pine seedlings will occupy each opening made by 
selective cutting appear poor indeed. 

If overstoiies are maintained at densities higher than index 40, the 
average amount of understory pine reproduction will be reduced, with 
the possibQity of higher odds against the filling of the openings by the 
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growth of pine seedlings. If pine overstorics arc maintained at 
densities below index 40, the amount of understory pine reproduction 
increases with probable consequent improvement in the chance that 
some pine seedlings will grow through the hardwoods into dominant 
positions. But as overstory densities are reduced the cuttings depart 
further from the usual concept of selective cutting and approach the 
more drastic treatments that result in production of even-aged stands. 

For the common pine sites of the piedmont region, therefore, this 
study indicates that selective cutting in pine saw-timber stands may 
promote the gradual replacement of pine with hardwoods. Because 
pine reproduction is b('tt('r represented in understories of stands with 
low ovemood densities and because it is generally conceded that both 
shortleaf and loblolly pine seedlings develop more rapidly in full light 
than in shade, it becom<*s necessary to consider the possibility that 
some form of drastic treatment, such as clear cutting by the strip, 
group, or seed-tree system, is more likely to maintain high proportions 
of pine in future forests than is selective cutting. Clear cutting 
brings about certain physical conditions that may reasonably be 
expected to favor maintenance of pine. The complete felling of the 
heavy pine overstory breaks do\Mi a portion of the hardwood under- 
stoiy present. For the removal of the comparatively high volume of 
logs, more swamping, skidding, and hauling arc necessary, still further 
n^ducing the hardwoods. These operations also break up the mantle 
of forest litter and expose mineral soil, creating conditions favoring 
the germination of pine seed. Complete removal of overhead shade 
and the reduction of root competition will accelerate the growth of 
pine after establishment. Under the conditions created by such 
operations, the new growth of pine starts off on a more equal basis 
with the hardwoods than when selective cutting is practiced. 

When a seed-crop failure occurs in the autumns preceding or 
immediately following the harvest cut, so that there is insufficient pine 
rc»production, the hardwoods may get a start of 2 or 3 years. After 
the establishment of seedlings from a subsequent cone crop, a cleaning 
several years later to release pine crop trees from hardwood com¬ 
petition may be essential. 

Two kinds of stands encountered in shortleaf and loblolly pine 
types are possibly not in danger of hardwood invasion. One of these 
is loblolly pine on an unusually high-quality site, and the other occurs 
in areas where apparently an unusual series of repeated light fires over 
a long period of years has so reduced hardwoods that their invasion 
will be very slow. It has already been shown that on loblolly pine 
sites of 90 or more, the understory will contain a fair percentage of 
pine seedlings, which will outnumber climax hardwoods except in fully 
stocked stands of the older age classes. General observation indicates 
that here pine is frequently able to penetrate through and keep above 
the hardwood understory. Under these conditions it is possible that 
either even-aged or all-aged management may maintain the pine in 
high proportions. 

In the second type of stand, where hardwoods have been largely 
eliminated by light fires, it is again probable that either type of 
management will maintain high proportions of pine for some time, 
particularly on the better sites. Under such conditions there will be 
lew, if any, hardwoods to compete with pine seedlings. 
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Except for the two conditions discussed above, the evidence pre¬ 
sented here points to a likelihood that clear-cutting measures will 
prove superior to selective cutting, where maintenance of high pro¬ 
portions of pine is an objective of management. 

SUMMARY AND CONCLUSIONS 

Conclusions based on results in stands unburnod for at least 10 
years may be summarized as follows: 

(1) In "both loblolly and shortleaf pine stands, the proportion of 
climax species, oaks and hickories, in hardwood understories increases 
with age of the pine oveiwood. 

(2) The number of understory climax hardwoods per acre also 
increases with age of the main pine stand. 

(3) Neither the density nor the site index of the pine stand has a 
significant influence upon the two trends mentioned above. 

(4) In shortleaf pine stands, the amount of pine reproduction per 
acre decreases significantly as the overstory grows older, but under 
loblolly pine it tends to remain approximately constant for all ages 
of the overstorv. 

(5) In both loblolly and shortleaf pine stands the amount of under¬ 
story pine reproduction per aa'e decreases with increasing density of 
overwood, but increases with improvement in the site index. 

(6) Differences in age, density, and site of both loblolly and short¬ 
leaf pine overstories are associated in several different ways with the 
amounts of pine reproduction present in the understories. Under 
certain overstory stand conditions the oaks and hickories will out¬ 
number pine reproduction, arid under other conditions the reverse will 
be true, as shown in figure 7, 

(7) The number of combinations of overstory age and density 
under which climax hardwoods will exceed the amount of pine repro¬ 
duction is greater on poor than on good sites for both species of pine. 
In ^ortleaf the preponderance of dimax hardwoods over pine repro¬ 
duction is greater than in loblolly stands. Hence the trend toward 
replacement of pine by oaks and hickories appears to be the more 
aggressive in shortleaf pine stands. 

(8) For site index 60 (fig. 7), which most frequently characterizes 
shortleaf pine stands of the Carolinas, oaks and hickories will out¬ 
number pine reproduction with respect to the majority of possible 
combinations of overwood age and density. For site index 70 (fig. 7), 
of most frequent occurrence in loblolly pine stands, oaks and hickories 
will outnumber pine reproduction only in stands of higher densities. 

(9) Climax oaks and hickories represent only a part of the entire 
hardwood understory of both shortleaf and loblolly pine stands. 
Figures 2 and 7 indicate that in most of these stands pine stems in the 
understory will be greatly outnumbered by liardwoods, counting not 
only the dimax species but also the secondary hardwoods, which may 
b6 effective competitors of pine durmg the reproducing years following 
cuttings 

In Stands burned at least once during the past 10 years the findings 
Sern as follows: 
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(1) In the burned shortleaf pine stands studied, understory climax 
hardwoods were present in about half the amounts found in unburned 
stands. No tendency toward an increase in the representation or 
numbers of oaks and hickories was found. 

(2) Understory pine reproduction in burned shortleaf pine stands 
showed a marked increase with advancing age of the overstory, a 
reversal of the trend found in unburned stands. 

(3) Climax hardwoods in the understories of loblolly pine stands 
showed the same trends as those in unburned stands. Fires in 
loblolly stands apparently had little effect upon the numbers and 
representation of understoiy oaks and hickories. 

(4) Fine reproduction, although not eliminated, was reduced in 
burned loblolly stands, and the pine understory had no consistent 
relationships with overstory density and site. 

(5) The study failed to disclose any reasons for the inconsistencies 
in results for burned stands. Lack of consistency is attributed pri¬ 
marily to wide but undetermined variations in fire histories of the 
stands studied. 
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LIFE HISTORY AND DISTRIBUTION OF PYTHIUM AND 
RHIZOCTONIA IN RELATION TO DAMPING-OFF OF 
RED PINE SEEDLINGS' 


By L. F. lioTH, formerly research assistant, and A. J. Hiker, professor, Department 
of Plant Pathology, Wisconsin Agricultural Experiment Station * 

INTRODUCTION 

Dami)in^-ofr coiitiuut's to influence production in Wisconsin forest 
nurseries. Serious outbreaks are sporadic but small losses are ex¬ 
perienced each y(*ar. The unpredictable occurrence of (epidemic 
attacks in the various nurseries is a handicap to the sustained produc¬ 
tion demandiHl by the extensive planting program. Ijosscs are less 
severe on newly cleared land, but economy is requiring the continued 
use of land already improved. Results with available control 
measures on infected land are highlv variable, both between different 
localiti(?s in the same year and in the same localities during different 
years. Various modifications of cultural practictes fail consistently 
to control the disease. The common soil treatment wdth sulphuric 
a(‘id, while often successful in controlling damping-off, may both 
cause toxic injury to the seedlings and produce undesirable dis¬ 
turbances {20) ^ in the nutrition and biology of the soil. 

The extensive literature of well-known damping-off diseases of 
conifer seedlings has been reviewed elsewhere, e. g., by Hartley (7), 
C. Roth {16), Ten Houten {18), and L. F. Roth.* 

The causal ag(3nts described by the various workers have commonly 
been Pythium spp. and Rhizoctonia solani Kiihn, with species of Fu- 
sarium and Phytophthora active in certain localities. With excep¬ 
tions noted later, most earlier work has been on etiology and control 
measures with relatively little attention devoted to epidemiology. 

In the present scries of studies the basic information essential to 
intelligent development of control measures for Wisconsin has been 
sought. This paper deals with the identification of the causal fungi, 

‘Received for publication June 19, 1942, 

* The writers are indebted to the Wisconsin Conservation Department and to the Bureau of Plant 
Industry, U. S. Department of Aericultiire, for cooperation and encouragement in these investigations; 
to W. U, Brener, Carl Hartley, F. Q. Kilp, and S. A. Wilde both for suggestions and for cooperation during 
we^urse of the studies herein reported; to Eugene Herrling for help in preparing the illustrations; and to 
C. Eisenhart and F. S. Smed for advice and assistance in connection with the analysis of variance and regres¬ 
sion analysis and their interpretation. Assistance In making many of the tests was furnished by the per- 
sonnel of the Work Projects Administration, Official Project No. 6&-1-63-2349. 
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the symptoms they induce, tlieir life histories in relation to patho¬ 
genesis, and their distribution. In subsequent papers are considered 
the influence on damping-off of temperature, moisture, and soil 
reaction (16) and the seasonal development of the disease in the 
nursery (17), 

CAUSAL ORGANISMS 

ISOLATION 

The causal fungi were readily isolated from damped-off seedlings. 
During the fall of 1936, in the greenhouse, red pine {Pinus resinosa 
Ait.) seed was planted in infected Plainfield sand from the nursery at 
Wisconsin Rapids. Typical damping-off appeared 3 days after emer¬ 
gence of the first seedlings. A suitable section was removed from the 
diseased hypocotyl of each damped-off seedling, sterilized for 3 
minutes in l-to-1,000 mercuric chloride, washed twice in sterile water, 
and plated on potato apr. Pythium cultures were purified by subse¬ 
quent transfers of hyphal tips through water agar. The fungi most 
commonly obtained were: (1) Phycomycetes, resembling Pythium, 
(2) several species of Fusarium, and (3) a few cultures resembling 
Rhizoctonia, The studies on patliogenicity, cultm*al characters, and 
morphology were originally made on the 2 dozen cultures thus secured 
and checked by numerous subsequent isolations. 

PATHOGENICITY 

The pathogenicity of certain cultures upon red pine was tested in 
the greenhouse. Four-inch pots of Plainfield sand from the nursery 
were steamed for 20 minutes at 15 pounds pressure. While still hot, 
each pot was placed on a clean bench in a section of a sterile Petri 
dish and was fitted with a cover consisting of a truncated celluloid 
cone plugged at the top with nonabsorbent cotton. Twenty-four 
cultures were tested. Four pots were allowed for each culture and 8 
pots for controls. For soil inoculation, cultures on potato agar in 
Petri dishes were cut into 4-mm. squares. Six squares were spaced 
uniformly on the soil surface of each pot. Control pots received 
squares of sterile agar. Each pot was seeded with 25 washed red pine 
seeds placed at the same levd as the inoculum. Seed and inoculum 
were covered three-sixteenths of an inch deep with steamed nursery 
soil. When necessary, distilled water was added from below. At 
3-day intervals after emergence all damped-off seedlings were removed 
witli sterilized forceps, and the number from each set of 4 pots was 
recorded. The counts were continued for a month, when the seedlings 
had reached an age of practical immunity. The results are given in 
table 1. 

All cultures of P'l/thium and Rhizoctonia were pathogenic on red 
pine. The Rhizoctonia cultures damped-off an average of about 60 
percent of the seedlings and ranged from 23 percent (P~3) to 95 
percent (F-118). Pythium cultures also averaged 60 percent but 
ranged from 36 (F~10) to 87 (F-111~A) percent. These results corres¬ 
pond with Hartley's (7) report that . the variation in virulence 
between the different strains of P. deharyanum on pine seedlings is 
less than the variation in strains of Corticium rngum^ Hartley * now 
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considers that the fungus on which he reported was not P. debaryanum 
and probably was the same as that used in the present studies. The 
Fusarium strains here isolated were apparently of little importance 
in causing dainping-off of red pine. Isolations in every case yielded 
the fungus used for inoculation. 


Table 1. —Pathogenicity of single hyphal tip cultures of damping-off fungi upon 
red pine in steamed soil 




Seedlings 


Damping-off 




emerged 
from 100 
seed.*? 





Fungus 

CuHare 

No. 

Post* 

Pro- 




emergence 

emergenc(‘' 





Number 

Number 

Number 

Number 

1 Percent * 


F"1 

b2 

28 

35 

03 

72 


F-7 

03 1 

9 

24 

33 

38 


F-8 

40 1 

19 

41 

00 

69 


F-9 

1 70 1 

10 

17 

33 

38 


F-IO ' 

1 78 ! 

22 

9 

31 

30 

Pythium . .. 

F-n j 
F-13 i 

00 1 
48 

18 

20 

21 

39 

39 

59 

45 

68 


F-20 ! 

bb 

28 

37 

05 

75 


F-22 

73 

35 

14 

49 

50 


F-in 

00 

2(i 

27 

53 

01 


F 111-A 

42 

31 

45 

70 

87 


F-117 

49 

20 

38 

04 

74 


( 

80 

0 

1 

1 

1 


2 

3 88 

0 

0 

0 

0 


3 

80 

1 

1 

2 

2 

Fusarium . . 

4 

3 90 

2 

0 

2 

2 


5 

85 

0 

1 

J 

1 


(> 

87 

1 

0 

1 

1 


7 

80 

0 

1 

1 

1 


F-2 

51 

18 

:40 

54 

02 


F-3 

78 

3 

17 

20 

23 

Rhiioctmiia . 

F-5 

57 

21 

30 

51 

59 


F-8 

02 

2-» 

25 

51 

59 


F 118 

23 

19 1 

04 

83 

95 

('outrol. . 

(*) 

{*) 

80 

0 

1 1 


h 

’ 

0 

88 




> Numbers represent g<*rrainatlon in controls less germination in inoculated pots. 

* Percentages represent total damplng-olI in inoculated jwts expressed as laircentago of seedlingsemerging 
in ctmtrols. 

* Emergence .slightly greater than average for the controls may be attributed to variability in germinating 
capacity of seed. 

* No inoculation. 

IDENTIFICATION 

The characteristic vegetative gi’owth and reproductive structures 
formed on plant tissue in clear ^ar readily placed the phycornycetons 
i^lates in the genus Pythinm. Five representative cultures were iden¬ 
tified by Charles Drechsler, of the United States Department of Agri¬ 
culture, as Pythium irregulare Buisraan. This fungus produces many 
spherical to pyriform sporangia and later numerous spherica) od^mia 
that in many cases bear several projections of various sizes. Both 
smooth and irregular odgonia are found on the same thallus. This 
fungus is obviously closely related to Pythium debaryanum Hesse but 
differ in possessing the occasional odgonial projections. The writers 
have found no report of P. irregulare causing damping-off of conifer 
seedlings. Buisman {2) originally isolated P. irregulare from decajdng 
roots of peas and lupines and from cucumber seedlings which failed 
to emerge. Matthews (10) isolated it from a decaying gametophyte of 
Anthoceros and from damped-off tomato plants. 

The strains of Rhizoctonia represented by cultures F-S and F-118, 
and a number of isolates with the same cultural characteristics as 
F~119 were all isolated from damped-off conifer seedlings grown in 
Plainfield sand. Culture B^-119, however, was obtained from a 
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sclerotium on a potato tuber growii in Plainfield sand. To corroborate 
the morphological evidence regarding specific rank of the Ehizoctonia 
cultures, in a single test, the three strains were inoculated into inci¬ 
sions in young potato sprouts and into sterilized soil seeded with 
cabbage and with red pine. All of the three cultures produced lesions 
on potato shoots, but only F-118 and F-119 attacked the cabbage 
seedlings. Cultures F-llS and F-5 caused severe damping-off of 
pine seedlings while F~119 was not pathogenic. It appeared that the 
Rhizoctonia cultures were strains of Rhizoctonia solani. 

The morphology of the several isolates of Rhizoctonia studied con- 
foimed closely to that given by various workers (14, 3, 12) for strains 
of R. solani. When grown on potato-dextrose agar they fell into three 
distinct cultural groups: (1) Cultures typifit^d bv F-~118 appeared 
distinctly mealy with abundant, short, minutely tufted hyphae. 
Growth was close to th(‘- substrate, and there was a tendency toward 
zonation. Aerial mycelium was light-colored, the colony appearing 
drab (13). No pigment was fonned in the substrate, and no sclerotia 
were produced. (2) Cultures resembling F-119 appeared silky with 
long, straight hyphae radiating from the point of inoculation. Tufted 
mycelium was sparse, zonation lacking, and growth was closer to the 
substrate. The cultures were drab but not so light as F~118. No 
pigment was fonned in the substrate. A true sclerotium 1 to 3 cm. 
in diameter invariably fonned at the point of inoculation, and small 
sclerotia appeared in contact with the glass at the (.‘dge of the P(^tri 
dish. All sclerotia were closely appressed to the substrate. (3) 
Cultures typified by F~5 had, in addition to the radiating surface 
mycelimn, a dense interlacing web of aerial hyphae over the colony. 
Many dark brown mycelial tufts 0.5 to 2.0 mm. in diameter, macle 
up of short, barrel-shaped cells, were enmeslaxl in the aerial mycelium 
and at the surface of the substrate. The culture was distinctly 
zonate. The mycelium was dark brown, the colony appearing bister 
(13). Some brown pigment was formed in the substrate. Though 
the above mycelial tufts appeared like sderotia, they did not become 
hard or homogeneous like the sclerotia of F~119. 

SYMPTOMS CAUSED BY PYTHIUM AND BY RHIZOCTONIA 

Characters of moderate diamostic value are known in relation to 
the distribution of Pythium and Rhizoctonia damping-off in the conifer 
seedbeds, Pythium commonly occurring in a roughly random mamier, 
but Rhizoctonia appearing in definite fair-sized patches within which 
most or all seedlings are killed. However, differential symptoms on 
individual seedlings have not been found by the writers in the several 
c^onxprehensive descriptions (^, 7, IS) of conifer damping-off. On 
Plainfield sand, where Pythium and Rhizoctonia^ respectively, were 
the fungi concerned, and where the seedlings were examined at suitable 
stages of development, the writers found that the two fungi produced 
disSnetive symptoms in the same host. Though most observations 
were on red pine, this condition appeared also for jack (Pinus bankei- 
ana Lam.), eastern white (P. strobus L.), and Austrian (P. nigra 
Am.) pines. 

The following descriptions are based on an examination of seedlings 
pi all a§es damped-off (1) in the greenhouse in disease-free soil inocu¬ 
lated with identified pure cultures and in naturally infected soil and 
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(2) in the nursery in inoculated soil and in naturally infected soil. 
The seedlings were grown over wide ranges of environmental condi¬ 
tions. The symptoms were checked by isolations of the causal 
fungi in several hundred cases. The details of these series of studies 
are omitted because of their volume. 

Roots of seedlings less than 2 weeks old were attacked by Pythium 
at any point throughout their length. Older roots became inf(‘cted 
in their yomiger parts. Seedlings from soil containing Pythium 
showed all degrees of infection from lesions bordering on microscopic 
visibility to a buckthorn-brown (13) discoloration of the entire root 
except the remote tip involving the gi-owing point. This discoloration 
of the root was the first symptom of Pythium damping-off and became 
more or less comph^te before the disease appeared above the soil sur¬ 
face (fig. I, A). In contrast to the hypocotyl, which later became 
infected, roots in the early stages of destruction might be entirely 
discolored and water-soaked and yet appear firm and distended. 
They showed no tendency to shrivel, and since the above-ground 
parts appeared normal, they evidently continued to absorb w^ter. 

Infection of the hypocotyl was by gi’owth of the fungus upward 
tlirough the primary root and therefore was not a})pareut until rela¬ 
tively late in the course of seedling destruction. The base of the 
hypocotyl of seedlings attacked by Pythium was commonly a shade 
of green (uther lighter or darker tlian the nonnal plant green. The 
intensity of this color appeared to be influenced by seedling age and 
environment. The red pigments completely disappeared from the 
infected areas but W(‘rc imchanged in the upper, uninfected parts. 
During the early stages infected tissues were water-soaked, translu¬ 
cent, and not greatly shrunken. However, even with abundant 
moisture the advanced lesions became shiiveled. 

Initial attack by Rhizoctonui was most frequent at the base of the 
hypocotyl or root crown. Within the seedling the fungus advanced 
more slowly than did Pythium and appeared to grow either up or 
dowm the main axis with equal facility. Attacked seedlings, there¬ 
fore, showed typical above-ground damping-off symptoms relatively 
early in the course of the disease. The lower parts of roots on such 
seedlings were commonly found to be white and healthy (fig. 1, 0, Z>). 

Chloi*ophyll, as well as the red pigment, was destroyed in tissues 
attacked by Rhizoctonia. The red pigments were either formed anew 
or translocated from their original position in the base of the hypo¬ 
cotyl up to the originally green top. The predominant cx)lor of fresh 
lesions was a dark, bluish gray-green. Lesions on the hypocotyls of 
seedlings near the ^e of seed-coat shedding became bleached almost 
to a straw color. Tnese infected parts then appeared dry and fluted 
and later became markedly shriveled. Seedlings attacked by Rhizoc¬ 
tonia, when only the hypocotyl curve extended above the ground were 
usually olive-green in color and often appeared even a little inflated. 
Examination of seedlings of all ages attacked by Rhizoctonia showed 
numerous mycelial strands extending from the soil to the seeding. 
When such seedlings were pulled from the ground, a small quantity of 
soil was commonly foimd laced to the stem by the superficial mycelial 
web. 

While symptoms caused by Pythium and RhizoctoniUj respectively, 
were distinct, the presence of other damping-off fungi, invasion by 
secondary organisms, or the lapse of too long a time after infection 
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Figure 1. —Symptoms caused by Pyihium {A and B) and Rhizoctonia (C and D) 
on 2-week-old red pine seedlings. B and C are, respectively, 3X enlargements 
of A and D. In every case the soil line is at a. In the case of Pyihium (A 
and B) all the tissue below h is diseased, that from 6 to a is water-soaked and dark 
green, and that below a is water-soaked and brown. In the case of Rhizoctonia 
{€ arid D) the tissue from c to d is diseased; that from o to c is straw-colored, 
dry, and somewhat shriveled; that from o to d is brown and has probably been 
invad^ by secondary fungi; that below d appears healthy. 
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could obscure the typi(*.al Pythium and RhizocUmia symptoms. There¬ 
fore, field identification had to be approached with caution. 

LIFE HISTORIES IN RELATION TO PATHOGENESIS 

Ct'rtain phases of the life histories of Pythium and Rhisoctonia are 
correlated with t\m symptoms induced and have been studied on red 
pine in some detail. The account below is based on both visual and 
cultural examinations of damping-off foci, of over 100,000 damped-off 
and associated healthy seedlings in various Wisconsin forest nurseries 
and on studi(‘s made in the greenhouse, where seedlings were grown 
in naturally and artificially infected soils over a wid(' range of con- 
trolbnl soil tcunperaturc, moisture, and acidity. The details of these 
trials are omitted because of their volume. 

PENETRATION AND PARASITISM 

Pythium and Rhizoefonia differed in their respective growth habits 
in relation to the substrate. Rhizoctonia appeared only sliglitly in- 
hibit(‘d by low soil moisture and S(»emed strongly aerobic. Pythium, 
on the othm* hand, was semiaquatic and capable of giowth deep in 
th(* soil. Th(* influene-(' of these differences in growth habit and of 
host n‘sistance on penetration was examined. 

The growth of Rhizoctonia over the soil surface in very high humid¬ 
ity has b('en observed by various workers (e. g., C. Roth, 15) and was 
found by the writers to be much more rapid than growth witliin the 
soil, llowevcr, examina tions indicated that though the fungus spread 
rapidly hy this nK'ans and mycelium frequently enveloped the several- 
day-old sterns, it often fail(‘.d to penetrate th(‘ hypocotyl. Occasion¬ 
ally close mycelial contact pinduced minute rudimentary lesions, but 
these did not ordinarily develop to the point of causing damping-off. 

This apparent resistance of seedling hypocotyls was tested in the 
greenhouse with thirty-five 3- to 5-day-old seedlings that were in¬ 
oculated with 4-mm. blocks of a potato agar culture of Pythium. A 
similar group was inoculated with Rhizoctonia. One block was 
placed against each seedling on a small paper platform three-eighths 
inch above the soil surface. The inoculation was made in a glass 
chamber in the greenhouse at 24° C. and approximately saturated 
humidity. 

The results showed that Rhizoctonia mycelium quickly surrounded 
the hypocotyls, occasionally formed incipient lesions, but failed to 
develop further. The mycelium frequently grew down into the soil. 
Two days later seedlings began to damp off and continued until 
93 percent were destroyed. Pythium attacked the seedlings directly 
at the point of inoculation, destroying 17 percent before it entered and 
attacked from the soil. Six days were required after inoculation 
before attack by Pythium through the soil became general. Eventu¬ 
ally it killed all seedlings. Apparently the hypocotyl was highly 
resistant to Rhizoctonia and moderately resistant to Pythium. Root 
tissues remained susceptible. 

Examination of seedlings in the nursery and in the greenhouse, 
when they were grown under controlled conditions, indicated that 
Rhizoctonia^ when growing above the ground, could attack seedlings 
just emerging. Many seedlings around the margins of damping-off 
foci and with only their curved hypocotyls protruding from the 
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ground wore found damped-off. Frequently an enlarging lesion was 
found at the top of the curve, while parts adjacent to and under the 
ground were healUiy. The evidence that attack was by aerial or 
surface mycelium confirmed similar observations by C. Roth (15). 
Apparently hypocotyls of very young seedlings were susceptible to 
aerial mycelium of nhizoctonmy but they quickly gained resistance. 
The upper root and crown remained susceptible for a longer period. 
However, the cotyledons remained susceptible long after the hypo¬ 
cotyls had acquired resistance. Thus aerial Rhizoctonia mycelium 
may cause much damage through this means of entrance—and even 
through the needles of 2- or 3-year-old trees. 

The growth of Pythium occurred at various depths within the soil. 
It appeared above the soil surface only imder very humid conditions 
when growing over dead tissues. Its attack was largely confined to 
the roots. The point of infection appeared to be determined by the 
age of the tissues, the moisture content of the soil, and thus by the 
depth of the fungus in the soil. If the soil was quite wet, the infection 
was commonly close to the surface; if dry, the lesions appeared at 
deeper levels. 

The longer susceptibility of seedlings to Pythium than to Rhizoc- 
tonia, reported by C. Roth (15), was confirmed by the writers. It 
appeared to result from differences in growth habit of the two fungi, 
correlated with tissue maturity of the host. For example, the older 

E arts of the seedling (i.e., hypocotyl, crown, and upper root) first 
ecame resistant. Rhizoctoma, because it developed most profusely 
in the surface layers of soil or superficially over the soil surface, was 
early confronted by these maturing tissues, where its effectiveness as 
a pathogen was limited. However, Pythium could grow in the soil 
to depths equaling those normally attained by the roots of red pine 
seedlings during their first summer. Below the levels where Rhizoc¬ 
tonia was highly active and in a region accessible to Pythium^ 
susceptible root tissue was being continuously produced. These 
roots were readily attacked by Pythium. Seedlings more than 6 
weeks old showed typical root rot rather than dtimping-off. 

Mechanical Injury and Fungus Penetration 

Mechanical injury to conifer seedlings has influenced damping-off. 
C. Roth {15) and Arnold Hansson ® found various arthropods associ¬ 
ated with seedling hypocotyl injury at the soil surface. Wilde (19) 
reported soil nematodes in healthjr seedlings as possibly important in 
opening infection courts for dampmg-off fungi. The writers observed 
in various Wisconsin nurseries that seedlings decapitated by birds 
appeared to damp off more severely than uninjured seedlings. While 
some seedlings were killed directly by such treatment, the survivors 
commonly had injuries that seemed not only to open infection courts 
but also to weaken the seedlings, making them more susceptible 
to damping-off. 

The influence of two types of injuiy on susceptibility was studied 
experimentally in the greenhouse. Three hundred 3- to 7-day-old 
red pine seedlings were pierced at the base of the hypocotyl and root 
crown with approximately 35 minute holes made with insect micro- 
pins having a diameter of about 0.1 mm. Immediately after injury 
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the seedlings in groups of 25 were transplanted into twelve 4-incli pots 
of Plainfield sand, 4 of which had been inoculated at their surface with 
Pythium F”111”A, 4 with Rhizoctonia F-5, and 4 left uninoculated as 
controls. Two other groups of 300 seedlings each were transplanted 
into 2 similar sets of 12 pots. Immediately after transplanting, the 
cotyledons of all seedlings in 1 group were clipped just above the 
terminal bud. The 300 uninjured seedlings of the third group s(*rved 
as controls. Incubation was at 24° C. The humidity was rather low, 
and consequently little damping-off of uninjured seedlings occurred. 
Counts were made at appropriate intervals. The losses are recorded 
in table 2. From this summary table it is evident that piercing alone 
so severely injured the seedlings that many died as a direct result of 
the injury. Piercing, moreover, facilitated fungus action. Jjossesin 
the Rhizoctonia and Pythium, pots of pierced seedlings exceeded those 
in the controls by 50 and 53 percent, respectively. Clipped seedlings 
were much more severely attacked by Pythium, (25 percent) than those 
not so injured (2 percfmt), but losses were not so great as in seedlings 
with the hypocotyl punctures (91 percemt). Clipping had no discern¬ 
ible effect on the injury by Rhizoctonia, Some darnping-off occurred 
in both clipped (6 percent) and undipped (8 perctmt) seedlings. In 
all cases this was much less than in the pierced seedlings (94 percent). 
No damping-off occurred in the controls. 


Table 2. —Inflvenre of seedling injury on damping-off of red pine by Pythium and 

Rhizoctonia 


Treatment 

1 

Seedlings killed in soils, according to 
inoculation ^ 

Rhizoctonia 

Pythium 

Un inoculated 

Pierml seedlings..... .. .. 

Percent 

94 

6 

8 

Percent 

91 

25 

2 

Percent 

44 

0 

0 

dipped seedlings. .. .. 

ITninjured seedlings____ 



»Values bavsed on 100 transplanted seedlings. Herxmls were taken 2 weeks after treating and trans¬ 
planting. 


The above experiment had four replications of the nine treatments. 
Results from the different replications were consistent and showed 
that minute mechanical injuries to the base of the hypocotyl in the 
presence of the fungi greatly increased damping-off. The injury from 
clipping the cotyledons had no effect on susceptibility to Rhizoctonia 
but considerably increased that to Pythium, The results corresponded 
with the nurseiy observation that bird injury increases damping-off. 

LOCATION WITHIN THE HOST 

The fungi were not limited in their location withm seedlings which 
had developed only a small amount of secondary mechanical tissue. 
During the early stages of disease development, their location within 
the host was closely correlated with the point of original infection. 
In general, they were distributed as shown in figure 1. During later 
stages, when humidity and soil moisture were favorable, they grew 
throughout the seeding. With further seedling maturity the rimgi 
became more closely restricted to the point of original infection. 
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Wliole and dissected lactopheuol mounts of 3- to 10-day-old seed¬ 
lings stained with cotton blue showed either fungus to be generally 
present in the cells of all parenchymatous tissues of the lower hypo- 
cotyl and upper i*oot. Only rarely, however, was mycelium found in 
the* secondaiy vascular elements or woody tissues. Oogonia and 
sporangia of* Pyihium occurred infrequently in the host tissues. 
However, when infected seedlings were allowed to stand in water for 
12 to 48 hours, both of these structures were formed abimdantly in the 
surrounding medium. 


EXIT FROM THE HOST 

The two fungi grew freely from the diseased tissue back into the soil 
{6). Their continued sapropliytic development was apparently 
enhanced by the nutriemt supply furnished by the dead seedlings. 

DISSEMINATION TO THE NEW HOST 

The common means of localized spread from one host to the next 
was direct growth through the soil. The character of this growth 
ditfered for the two fungi. Pythium was usually well distributed in 
the seedbeds and spread, though slightly, down th(^ drills. Rhizoc- 
tonia commonly radiated as much as a foot or two from an orimnal 
infection point, spreading both along and across rows and killing 
irregularly circular patches of seedlings. 

For dissemination from one nursery block to another, the fungi 
appeared commonly to be carried in contaminated soil by instru¬ 
ments, water, and wind. The capacity of Khizoctonia to survive in 
dust is discussed in a later section. 

LONGEVITY AND OVERWINTERING 

The ov(*-rwinteTing of fungi causing damping-off of conifers and 
their longevity in the soil have been rather obscure. On other 
hosts—for example, on rice —RMzoctonia has been observed by Palo 
(11) to live from season to season in the sclcrotial stage. Buried 
sclerotia lost their viability after 4 to 5 months in wet soil and 6 to 7 
months in dry soil. Sclerotia on the soil surface lived for 5 and 7 
months, respectively, in wet and diy sods. Gratz (5) found that after 
6 months in soil dried down at high greenhouse temperatures Rhizoc- 
tonia caused as severe damping-off of cabbage seedlings as occurred 
in the soil before drying. 

The longevity of conifer damping-oflF fungi was studied in various 
field trials, the data for which have been omitted because of their 
volume and because the inadequate control over conditions allowed 
possible error. In general, the trials indicated that both Pythium and 
Khizoctonia could live for more than a year. 

The survival of damping-off fungi in Wisconsin has been studied 
under controlled conditions. The soil used was virgin Plainfield sand 
from a jack pine woods near Wisconsin Rapids. a sample was 

seeded to red pine in the greenhouse under conditions favorable for 
damping-off, it was found entirely free from Pythium and RMzoctonia. 
Two lots of soil were inoculated with pure whole-oat cultures of 
Pythium and BhizoctoniUj respectively. After the fungi had become 
established, the soil was passed through sterfized screens to remove 
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the oats, placed in sterilized glazed jars, and seeded to red pine. 
Throughout the experiment, wliich was begun in the fall, every pre¬ 
caution was taken to avoid contamination; i. e., the soil was handled 
on a st(uiliz(Hl table with sterile instruments, the jars were tightly 
covered with nonmoistureproof cellophane, and all watering was with 
distilled wat(‘r. S('vere damping-off occurred in all jars. Isolations 
from dam pod-off seedlings, yielding only the fungi which had been 
introduced, indicated that no contamination occurred. A thircl lot of 
naturally infeci,(Hl nursery soil was planted in the same way. It con- 
tainecl about equal amounts of Pythiurn and Rhizoefonia. After 
damping-off was complete, the three lots of soil W(‘re allowed to dry 
to 10 percent of their moisture-holding capacity. 

The Pythiurn soil w^as placed in 240 sterile 6-ounce botth's, 160 gm. 
of soil per bottle. Half of these w^ere maintained at approximately 
10-perc(Uit saturation while the remaining 120 W'ore brought to 60- 
percent satui’ation with stenie distilled water. The bottles were 
(‘losed tightly wdth sen'W' ca})s to prevent contamination and evapora¬ 
tion. Half of th(* bottles in (mch moisture group wen* packed in sand 
with th(*ir necks protruding and plac(‘xl out of doors. The. remaining 
])ot.tl(*s w'(*re stor(*d in the laboratoiy. Laboratmy temperatures 
fluctuated around 20° C. wdiile those in the field changed with the 
seasons. During fhc* winter months the soil samples in the field wore 
fr()Z(*n solid. Tlie Rhizoefonia and naturally iidected soils were 
treati^d similarly. The .‘1 lots of infected soil, eacii having 2 different 
moistures and being stoned at 2 difl‘ej*ent temiieratures, ])rovided 12 
different sets of bottl(*s (table .S). There wen* 60 bottles in each set, 
or 720 in all. 

li.-— Datfiping-oJlf values used for anahfsts of variance and correlation coeffi¬ 
cients with corresfwnding mean values for testing significance of differences between 
any 2 locations, any 2 test dates, or any 2 organisms 


Organism 


M ois- 


Locrttions i 


DamptKl-olT.swdlirig.s from 210 seeds planted 
after ineeulated soil had stood for the 
number of wt'ek.s sfK'eified 



content 



' 














K 

11 

14 

17 

20 

23 

28 

36 

49 

55 

Loca¬ 
tions » 

Organ¬ 
isms * 


Pet. 


No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No 




10 

/Field - .. 

31 

60 

52 

42 

10 

84 

39 

78 

M 

28 

19 



Natural. 

1 Laboratory.. - 

42 

31 

51 

43 

4 

25 

21 

35 

12 

H 

28 


46 

AA 

[Field... 

49 

on 

80 

65 

22 

59 

22 

75 

1 

66 

50 




\ Laboratory -.. 

79 

67 

74 

46 

2 

89 

26 

69 


37 

58 



Moan <__ 



50 

55 

64 

49 

10 

64 

27 

64 


36 










10 

/Field. 


81 

85 

70 

0 

70 

36 

5 

33 

55 

49 



Pifthium _ 

\ Laboratory. . 

49 

74 

85 

39 ! 

0 

27 

4 

15 

48 

45 

39 


47 

m 

/Field . 

(Laboratory.. 

46 I 

26 

72 

62 I 

10 

96 

57 

40 

80 

86 

58 1 



23 1 

36 

95 

52 

1 

84 

41 

28 

72 

11 

44 1 



Moan<-., , 

. 


43 

64 

84 

56 

3 

69 

34 

22 ; 

58 

49 

. 1 



10 

/Field.. 


15 

38 

llB 

~17 

~72 

”41 

1 

42 

65 

*35 



Phizoetmia. . 

1 Laboratory.. 
/Field. 

36 

44 

69 

21 

32 

64 

14 

10 

41 

13 

25 

41 

!1 

32 


32 


60 

61 

66 

66 

64 

28 

4 

38 




lLab(Mratory_., 

12 

37 

25 

18 

7 ! 

25 

5 

60 

18 

5 

22 ! 



Mean * 



31 

41 

60 

35 

1 

21 

44 

27 

22 

32 

18 









i f of storage for containers and soli samples during the counso of the experiment. 

\ 1 aignifloant difference (at the 5-i>eroent level) between any 2 location means 19.69. 

: fjplmam signifloant difference (at the fi-fwiroent level) between any 2 organism means « 9.79. 
Minimum significant difference (at the 6-peroent level) liotween any 2 test-date means « 30.97. 
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To test the activity of the fungi on each date at various intervals 
following inoculation seventy-eight 4-inch pots of autoclaved Plain- 
field sand were placed on a clean greenhouse bench. One section of 
a sterilized Petri dish was used under each pot to provide for sub- 
irrigation. Duplicate bottles of soil from each treatment were em¬ 
ployed in the test and their contents used to cover the 35 seeds in each 
of 6 pots. There were thus 6 replicates representing each location for 
each moisture content of each of the 3 infection types, or 72 pots in all. 
Seed in the 6 remaining pots was covered with autoclaved soil and 
served as controls. After seeding, each pot was covered with a trun¬ 
cated celluloid cone, the top of wliich was plugged with cotton. Seed¬ 
lings were counted 5,10, and 15 days after emergence. Total damping- 
off and survival were recorded at each count for the 6 pots. After 
the third count these values were summed and from them were cal¬ 
culated total emergence, and preemergence and postemergenoe 
damping-off. The amounts of postemergence and preemergenco 
damping-off, though not the same, were of the same order. Con¬ 
sequently, only the former were used in presenting the results. Tlieso 
figures for 10 different test dates from March 1939 to March 1940 
are given in table 3 with the mean damping-off valuers calculated for 
the different test dates, locations, and inoculations, respectively. 

Viability tests extended over the period from December 1938 to 
March 1940. Those made during the first 2 months showed no 
differences in viability or activity of the fungi and have, for conven¬ 
ience, been omitted from the analysis. 

The statistical significance of the ^ount of daniping-off in the three 
inoculation series with diflferent moistures and with different locations 
was determined by analysis of variance. This analysis is given in 
table 4. 


Table 4. —Analysis of variance for the number of red pine seedlings damped-off 
in pots inoculated with soil samples containing Pythinm, Rhizoctonia, and 
naturally contaminated soil ^ 


Variation due to— 

Degrees of 
freedoui 

Bum of 
squares 

Mean square 

jrt 

Organisms. 

2 

6,006,46 

1,197.01 

2,475.21 

3,003.23 

1,197.01 

i 6.24** 

Moistures,. 

1 

2.49 

Locations..... 

1 

2,475.21 

5.15* 

Tost dates... 

9 

25,959.74 

2,884.42 

6.00** 



Twentieth week vs. others . 

1 

12,546.07 

12,546.07 
1,676.71 

26.09** 

Between others. 

8 

IS, 413.67 

3.49** 



Organisms X moistun>8. 

2 

1,950.87 

146.87 

975.43 

2.03 

Organisms X locations. 

2 

72.93 

.15 

Organisms X dates,,,. 

18 

9,191.54 

510.64 

1.06 

Moistures X locations...i 

1 

161.00 

161.00 

.33 

Moistures X dates. 

9 

1,483.41 

164.82 

.34 

Locations X dates. 

9 

3,669.21 
31,261.67 

407.69 

.86 

Error-. 

66 

480.96 




Totals. 

119 

83.501.99 







> The various samples had been exposed to dltTemnt environments for periods ranging from 8 to 55 weeks. 
* • * Significant at the 6-percent levi*!; ** ■■ significant at the 1-percent level. 


Since the mean square corresponding to differences between organ¬ 
isms exceeded the error mean square to an extent statistically sig¬ 
nificant at the l-percent level the existence of real organism differences 
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as regards damping-off may beinferred with small risk—the probability 
of differences between organisms as large as or larger than those 
observed occurring through chance fluctuations alone being less than 
1 in 100. 

Statistically significant differences were found also between loca¬ 
tions (at the fi-percent level) and between test dates (at the 1-percent 
level). One conspicuous feature in table 3 is the fact that the damp¬ 
ing-off values for the twentieth week are considerably out of lino with 
the values obtained in the other weeks. Therefore, in table 4 the 
variation due to the comparison of the twentieth week with the others 
has been isolated, and it may be noted that the sum of squares for this 
single degree of freedom is neai*ly as large as the sum of squares for the 
8 degrees of freedom corresponding to the eight independent compari¬ 
sons between the otlier nine test dates. The mean square correspond¬ 
ing to the comparison among the other tost dates is significant at the 
1-percent level, showing the existence of differences between test dates 
as rc^gards damping-off even when the anomalous data for the twen¬ 
tieth week is disregarded. No statistical significant differences between 
moistures were detected, nor were any of the first-order interactions 
statistically significant. This latter binding implies that such differ¬ 
ences as existed were consistent throughout; e. g., differences between 
organisms were independent of location. 

The nature of the differences for those factors showing statistical 
significance may be determined by comparing the differences of rneans 
given in table 3 with the corresponding 5-percent minimum significant 
differences included as footnotes to table 3. 

Thus it is apparent that losses from Rhizoctonia soil were signifi¬ 
cantly less than from Pythium soil or from naturally infected soil. 

The fungi were significantly more active when stored in the field 
than in the laboratory, except Rhizoctonia at 10-percent moisture and 
those in natural soil at OO-percent moisture. 

Discarding the anomalous data for the twentieth week, linear re¬ 
gressions of damping-off means on test dates were calculated for the 
respective organisms, and the regression coefficients obtained were 
— .3334, —.2775, and —.4092 for naturally infected and mm-and 
P/m* cocfor^'a-inoculated soils, respectively. The regression coefficients 
do not differ from zero to a statistically significant extent when con¬ 
sidered alone, but they are statistically significant at the 5-percent 
level when considered" collectively, suggesting that there may be a 
tendency for activity to decrease. With Pythium the deviations from 
linearity, significant at the 5-percent level, suggest that the decline 
in activitv, if existent, is not linear. 

Nevertlieless, damping-off fungi survived well over a year. Differ¬ 
ences in soil moisture did not influence longevity during the time 
studied. Considering such longevity in the soil, the wide distribution 
of damping-off fungi and the prolonged infection of nursery soils is 
not surprising. 

OCCURRENCE AND DISTRIBUTION 

The distribution of damping-off fungi seems important because of 
(1) its bearing on nursery establishment and practice, (2) its possible 
relation to the natural distribution (91) and reproduction of pine 
species, and (3) the relation these species may have to root rot after 
transplanting. 



142 


Journal oj Agricultural Research 


i Vol. 67, No. 4 


Damping-off fungi have apparently been long established in Wis¬ 
consin since the disease had appeared by 1913 at Trout Lake {8). 
A 25-percent loss occurred in 1933 in the first seeding at the Griffith 
State Nursery on land reclaimed from an abandoned field. The first 
crop at the Gordon State N ursery on land where heavy sod was broken 
also was severely attacked. 

The occurrence of the fungi in Wisconsin has been determined by the 
damping-off induced and by subsequent isolations from damped-off 
seedlings. Numerous isolations were made during the summers of 
1937, 1938, and 1939 from seedlings damped-off in 6 nurseries in 
northern and central Wisconsin and in several nonnurse^ sites. 
Before plating, ^-inch sections of hypocotyl, including both incipient 
infection and healtliy tissue, were wadied in clear water with a camePs- 
hair brush, then rinsed vigorously in 2 changes of sterile water, and 
placed on Petri plates of water agar. Damping-off fungi were readily 
differentiated after a few days. 

The results are first considered in connection with the reaction of 
the soil from the locations examined. 

THE INFLUENCE OP ACIDITY 

Soil reaction was studied in relation to the occurrence of damping- 
off in sandy soils. In table 5 the isolation results, arranged according 
to acidity, show that in soils more alkaline than pH 5.85 Pythium was 
isolated 'more frequently than Rhizoctonia. The samples for the pH 
readings were taken from the top inch of soil. In soils more acid than 
pH 5.85, however, Rhizoctonia was almost always more common. 
Higher Pythium damping-off was correlated with acidities less than pH 
5.85, giving a coefficient of —.6035. This value is highly significant, 
according to Fisher^s table of r, where, with 20 degrees of freedom, a 
coefficient of —.413 is required for significance at the 5-percent point. 
The figures in table 5, representing partial percentage values of the 
same total, show that Rhizoctonia was correlated with acidities greater 
than pH 5.85. Although the division point between the 2 fungi seems 
quite sharp at pH 5.85, this point may doubtless be raised or lowered 
somewhat under other conditions, especially those of weather. 

The results indicated that with the soils studied Pythium was favored 
by neutral or slightly acid soils while Rhizoctonia predominated on 
the very acid sous. This relationship has been confirmed in green¬ 
house and nursery studies {16,17), It is noteworthy that occurrence 
of the disease due to 1 fungus or the other was not restricted by 
soil reaction over the range examined. 

THE INFLUENCE OP WEATHER 

Weather often has appeared to influence the occurrence of damping- 
off and probably the distribution of the fungi as well. This subject 
is so important that it is given detailed consideration elsewhere {16,17 ), 
and attention is directed here to the influence of different kinds of 
soil. 
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Table 5. —Distribution of Pythium and Uhizoctonia in Wisconsin forest nurseries ^ 


liocation nt'ar— 

Soil 

Seed¬ 

lings 

plated 

Platings 
positive i 
for 

Pythium 

and 

Rhizoc- 

tonia 

Yield of positive platings 

l^ypo 

Reac¬ 
tion 3 

Pythium 

Rhizoctonia 



p/r 

Number 

Number 

Number 

Percent 

1 

Number 

Percent 

Rhint'iandor. 

Vila.ssand. .. . . 

3 4.98 

8 

*l 

0 

0 

1 

100 

Port Edwards - 

Plainfield saitd .. 

3 4.98 

.56 

.54 

0 

0 

54 

100 

Do . 

.do.. .. 

4 5. l.l 

82 

81 

15 

18 

66 

81 


_do_ 

4 .6.16 

13 

7 

0 

0 


100 


Silt loam_ , 

6.26 

17 

15 


20 

12 

80 

Trout Lake ® 

Vilas sand. . 

.6.3,*) 

19 

10 

8 

80 

2 

20 

Wisconsin Rapids 

Plainfield sand 

5.39 

16 

16 

0 

0 

16 

100 

Hayward . 

_do. .... 

4 5. 43 

6 

2 

0 

0 

2 

100 

^Vout liakc ___ 

Vilas sand.... 

5. .53 

25 

18 

9 

50 

9 

.50 

Port Edwards 

Plainfield sand 

5. 75 

r, 


0 

0 

5 

1(K) 

Do-- 

.do- - 

5. 82 

57 

52 

0 

0 

52 

HM) 

J)o.- 

_do_ .. 

5.84 

30 

30 

7 

23 

23 

77 

1)0. 

_do. -- 

5.84 

17 

17 

0 

0 

17 

100 

Do. 

.do-_. 

5.84 

16 

16 

3 

19 

13 

1 

81 

Rhinelander. 

Vilas sand. 

6.88 

7 1 

4 

3 

75 

25 

Havward . 

Plainfield sand .. 

5.93 

13 

11 

i 11 

100 

0 

. 0 

Gordon.. 

, ..do . - 

6.08 

40 

15 

15 

100 

0 

0 

Trout Tjake . 

Vilas sand_ 

6.22 

17 

15 

13 

87 

2 

13 

Do . 

_do.. 

6.42 1 

51 

51 

i 51 

KM) 

0 

0 

Port Edwards. -. 

Plainfield sand 

6.55 

22 

22 

'•* 

27 

16 

73 

Trout Lake.. 

Vilas sand. 

6. 55 

28 

19 

19 

100 

0 

0 


> The tabki Ls arranged accordinR to soil reaction progressinK from high to low acidity. 

* Determinations were made with a quinhydrono electrode and checked with a glass electrode. 

3 Spring-stmdod rod pine trcate.d at seeding with 2-percimt sulphuric acid to control damping-off. 

< Plat<« not giving either Pythium or Jihizoctonia were either negative or showed saprophytes or dtibious 
paras{t(>s. 

* Fall-seeded red pine treat(‘d al seeding with 2-peroent sulphuric acid to control damping-off. 

« Woods soil not in nursery. 

’ Field soil not in nursery. 


THE INFLUENCE OF SOIL TYPE 

The relative amounts of damping-off were studied in abandoned 
field soils and in soils with forest cover. Five 4- by 4-foot seed beds 
were planted and protected from birds and rodents in tin', spring of 
1938 on Plainfield sand at each of tliree sites. These w’-ere: (1) A 
iiur^^ry block used for experimental studies during 1937 and inocu¬ 
lated at that time wdth damping-off fungi, (2) a field abandoned 
for 11 yt^ars, and (3) a small opening in a middle-aged stand of jack 
pine with an oak brush understory. The two latter locations w^ere 
5 rods apart and differed only in the type of cover and such factors 
as light and moisture arising from the cover differences. Undoubtedly, 
the microbiology of these soils also differed. In the nursery the soil 
contained a moderate amount of organic matter and had a reaction 
of pH 5.5. In the field soil organic matter was low, the pH was 5.4, 
and the vegetation was a sparse stand of weeds and bunchgrass. 
In the woods organic matter was relatively high, the pH 5.8, and the 
conspicuous ground cover lowbush blueberry and bunchgrass. The 
beds were spaded thoroughly and half of each was inoculated with 
one-third quart of a whole-oat culture of Pythium and a similar 
amount of Bhisoctonia, The beds wwe seeded to red pine, and after 
emergence a record was kept of the number of seedlings damped-off 
and surviving in all plots. At about 30 days after the seedlings had 
attained relative immunity, all the tiny trees were pulled and ob¬ 
servations made on their development. This procedure was followed 
three successive times. No additional inoculation was employed in 
the second and third seedings. Except for a diminution of the 
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effect of inoculation, the results of the later seedings were in agree¬ 
ment with those of the first. 

Damping-off results from the five replications of the first seeding 
are given only in summary form. In the uninoculated plots in 
nursery, field, and woods, 9, 15, and 1 pjercent, respectively, of the 
emerged seedlings damped off, whereas in the inoculated plots on 
the same sites the losses were 33, 25, and 14 percent, respectively. 
All attempts failed to isolate either Pythium or Rhizoctonia from 
seedlings damped-off in the uninoculated woods plots while both 
fungi were isolated with ease from all other situations. The 14- 
percent loss in inoculated plots in the woods and the 1-percent loss 
from the uninoculated plots suggested that damping-off fungi were 
very scarce, if present at all, in the woods before inoculation. Damp- 
ing-off declined in the inoculated woods plots with subsequent seeding. 
In the spring seeding of 1939, though a very small amount of daraping- 
off occurred in the inoculated plots of the preceding year, it was no 
longer possible to isolate P'lfthium or Rhizoctonia from the seedlings. 
Damping-off fungi seemed unable to compete successfully with the 
organisms already in the woods soil. These results accorded with 
experience at the Griffith State Nursery, where damping-off was 
invariably much worse on old field soil than in newly cleared forest 
soil. Thus it appeared that damping-off fungi may be practically 
or entirely absent from certain Wisconsin forest soils, but that in 
abandoned field soils of the same type they may build tip to levels as 
great as those found in contaminated nurseries. 

A somewhat similar experiment to determine the influtuice of site 
on occurrence of the fungi and disease was conducted in the summer 
of 1939 at the University of Wisconsin arboretum. The following 
three locations were chosen: (1) An eroded and exposed sandy knoll 
in an abandoned orchard having heavy bluegrass sod and a soil 
reaction of pH 5.4, (2) another sandy knoll with a middle-aged 
stand of black locust and oak and a pH of 5.3, and (3) a plot covered 
by a pure stand of oak and having a heavy mull soil with a strongly 
acid reaction of pH 4.2. 

Twelve circular wire covers 15 inches in diameter wore placed on 
each site to keep out birds and mice (fig. 2). In order that conditions 
of light and soil moisture might be more nearly comparable on all 
sites, a cheesecloth cover was attached to the square of metal screen 
covering those beds located in the exposed orchard site. Among the 
12 beds on each site were randomized 4 replications of each of the 
following treatments: (1) one-sixth mnt of a corn meal-sand culture 
ol Pythium and an equal amount of Rhizoctonia mixed into the upper 
2 inches of soil at the time of seeding; (2) one-third pint of a sterile 
corn meal-sand mixture introduced into the upper 2 inches of soil; 
and (3) no treatment. Two hundred red pine seeds were spread over 
the smoothed surface of each bed and covered with one-fourth inch 
of autoclaved potting sand. Damped-off and surviving seedlings 
were coimtod and recorded at appropriate intervals after emei^nce. 
Damped-off seedlings were plated ana, where possible, the causal fungi 
determined as given in table 6. The plots were seeded and results 
taken three successive times, the only significant difference in result 
being a small decrease in damping-off in the second and third seedings 
of the inoculated plots. The results of the first seeding are given m 
table 6, ^ 
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Fkiure 2.—A reiirefieiitaiive unit of field plots employed in studying the occur¬ 
rence of damping-o(T in various natural environments. Each covered plot was 
sprinkled witli white sand just before photographing. 


Table (>.— Damping-off of red pine on S natural sites in the arboretunit Aladison, 
ir?!s., and the respective importance of the 2 fungi causing the loss 


Site 

Treatment 

Sc 

Germ 

*cdlings counted 

Fungi Isolated 

inated 

1 Damped-off 

Pythium 

Rhxzoctonia 



Num- 

Per- 

Num- 

Per- 

Num- 

Per- 

Num- 

Per- 



her 

cent 1 

ber 

cent 

ber 

cent 

ber 

cent 

rivrvienH t\TT 

[Inoculated corn meal and sand 

21fi 

29 

42 

19 

2 

50 

2 

60 


■j Sterile corn meal and sand .. 

48.6 

66 

29 

6 

(2) 


CO 


5.44 

[No treatment , ., . 

568 

78 

17 

3 

(*) 


(0 



1 Inoculated (K>rn meal and sand. 

161 

22 

82 

51 

2 

15 

ii 

85 

vAi>vjrf 

pH 5.3. 

< Sterile corn meal and sand.. 

514 

70 

84 

16 

2 

33 

4 

67 


iNo treatment.. ... 

522 

7! 

54 

10 

1 

11 

8 

89 

JVTull, o&kcovcr pH 

[InoculatiHl corn meal and sand 

83 

11 

49 

59 

12 

60 

8 

40 

4.2. ’ * 

< Sterile corn meal and sand_ 

349 

48 

33 

9 


80 

2 

20 


iNo treatment_ 

402 

56 

66 

16 

9 

82 

2 

18 


’ rhese flgun« are based upon 728 viable, set'ds as determined by gornjination tests. 

* All platings made of the small number of seodlii^s damped-oll in the plots treated with sterile corn meal 
and sand and the untreated plots on the sandy site were negative for Pythium and nhizoctoniu. 


Some damping-off occurred in the uninociilated beds"on all sites. 
Inoculation, however, in all cases greatly increased the amount. 
Com meal and sand alone appeared not significantly to influence the 
amount of damping-off. Mean losses in the iminoculated beds 
(sterile corn meal and sand and no treatment) for the three locations, 
sandy exposed, sandy woods, and mull woods, respectively, were 4.4, 
13.3, and 13.2 percent. Comparable losses tor the inoculated beds 
were 19.4, 51.0, and 59.0. The losses on sandy and mull s^ils in the 
woods were approximately equal for the inoculated and uninoculated 
beds and su^ested that damping-off fur^ occur naturallv in both 
types of soC The fact that damping-off on the exposc^sd site was 
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much less severe than in the woods was probably due to less favorable 
humidity and soil moisture rather than to other differences caused by 
the shade. Germination was retarded because of dry soil, and after 
emergence moisture was inadequate until the seedlings had passed the 
stage of practical susceptibility. These results indicate that in south¬ 
ern Wisconsin damping-off fungi may be equally abundant in both 
light and heavy, deciduous-wooded soils. 

The differences of soil type largely determined which of the two 
important damping-off funri would predominate (table 6). Tn the 
heavy soil of untreated plots Pythium predominated, causing 82 
percent of the total loss, while in the sandy soil Rhizoctonia was more 
abundaixt, causing 89 percent of the loss. These results accorded 
with Hartley's observation (7) that soils high in humus favored 
Pythium while Rhizoctonia was more abundant in soils low in humus. 

In heavy acid soils the results accorded with those of Gaumann {4) 
and Buchholtz (i) obtained with seedlings on similar soils. How¬ 
ever, in controlled studies with Plainfield sand (table 5) Pythium 
responded quite differently to soil reaction. This subje(‘t is con¬ 
sidered further elsewhere {16), 

DISCUSSION 

Variations in the success of control measures applied in Wisconsin 
against damping-off among forest seedlings and, more particularly, the 
desire to eliminate empirical drastic treatments that ruin soil fertility 
have called for more information concerning the disease. The causal 
fungi have been identified as Pythium and Rhizoctonia —two organisms 
that are active not only elsewhere in the United States (7) mit also 
in Europe (16), Other organisms reported to cause damping-off have 
been found either not at all or so infrequently as not to be significant. 

Since there are two causal agents, the damping-off problem is most 
clearly defined as dealing with two separate diseases. The dual nature 
of the situation appears in several respects. The symptoms caused 
by these two fungi, respectively, when operating alone, arc distinct 
and seem correlated with their growth habits. Likewise, in spite of 
the striking similarity of the two causal agents, certain observed 
variations in their mode of attack, dissemination, and longevity are 
conspicuous. Their distribution in Wisconsin is widespread, but the 
predominance of one over the other is clearly influenced both by 
weather and by soil type and aciditv. 

For an improved understanding oi the situation, a detailed examina¬ 
tion of the influence of environment on host, parasite, and disease 
was requisite. The results of such studies are reported elsewhere 
(le, 17). 

SUMMARY 

Pythium irregulare and Rhizoctonia solani have been found the most 
destructive of the fungi that cause damping-off of Pinus resinosa in 
Wisconsin forest nurseries. Though species of Fusarium were 
isolated, they occurred in conjunction with the other fungi and in 
inoculation tests were only slightly, or not at all pathogenic* 

Differential symptoms wen^ induced by Pythium and Rhizoctonia, 
respectively, when each was free from complicating mixtures with other 
organisms. The symptoms described appeared correlated with the 
fjespective growth habits of the two fungi. Pythium attack occurred 
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at various depths in tlie soil and was detemiined by root maturity 
and the location of the fungus. For tlic most part, Rhizoctonia 
attack was confined to the upper one-half inch of soil and to saturated 
air immediately above, the soil. 

SecMilings with elongating hypocotyls were subject, throughout to 
attack by aerial mycelium of Rhizoctonia, After elongation had 
ceased, however, it appeared that the cotyledons and the primary 
shoot were the susc.(^ptible parts above ground. 

Seedling injury, within limits, increased damage, from damping-off. 

Th(‘. life history in relation to pathogenesis of these two fungi seemed 
relatively simple. Both lived in the soil and invad(^d injured seedlings 
more easily than uninjured seedlings. They grew through tlie cortical 
tissue of living seedlings, all through dead tissue, and out into the soil 
again. Distribution hxailly was by growth through the soil, and at a 
distaiK'c, by mcans of con taminated soil or o ther material. R/iizoctonia 
survived well in soil containing only 10 percent of moisture and dry 
enough to blow as dust. 

Both P]ithium and Rhizoctonia were capable of surviving more than 
a year in sandy soil. 

In six Wisconsin nurseries and several nonnursery sites examined, 
one fungus or both were commonly found. Their occurrtMice was 
influencc'd by soil reaction, weather, soil type, and ground cover. 
PlainficJd sand with jack pine {Pinus banksima) or iavk oak (Q%urcus 
eUipsoidalis) cover was associated with the presence* of little or none 
of the damping-off. 

The apparently strong influence of acidity, temperature, and 
moisture called for a detailed study of these factors in rchition to damp- 
ing-off. 
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SOLAR RADIATION AND FOREST FUEL MOISTURE* 


By Gbokge M. Byuam, associate meteorologist^ and Oeorije M. Jemison, senior 
silvicidiurist, Appalachian Forest Experiment Station^ Forest Service, United 
Slates Department of Agriculture 

INTRODUCTION 

A major coiitj'ibiilion to progress in forest fire pr(‘ventioii and control 
during tlie past; 10 years has been the development and widespread 
application of methods of rating forest fire danger.- Fire danger rating 
systems are now in use in all the forest regions of the United States. 
They have been deserib(*d by Gisborne (<9, 9),^ Brown and Davis (i?), 
Curry et al. (^), Matthews (13), Jemison/ and others. Under each 
of these systems th(* major faertors affc'cting fire danger are measured 
and tb(' m(‘asuj‘ements ai*e integrat(‘d by m(‘ans of charts, tables, or 
some mechanical dt^vice into ratings, on a numerical scale, which ar(‘ 
fr(H> from the serious errors common in estimates of fire danger bas(‘d on 
personal judgment alone. The numerical ratings arc usually defined 
in terms of probable fire behavior or of manpowei* required for suppres¬ 
sion. They scu've as a guide to efficient distribution of fire-control 
funds and personnel. 

All these fir(^-dang(‘r i*ating systems include measurement of wind 
velocity and of fuel moistun' (content. Wind velocity, an extremely 
important factor whenever fuels are dry (*nough to liurn, is usually 
nnuisured with standard instruments. Fuel moisture content is more 
difficult to determine, b('caus(» of the complex nature of fu(*ls. Light¬ 
weight materials such as fallen leaves, needles, and twigs and dead 
grass respond readily to changes in atmospheric conditions. The con¬ 
dition of this litter * is determined indirectly from measurements of air 
temperature and humidity or, more commonly, is determined directly 
by means of caiibrat(‘d ^Vood sticks,’^ the moisture content of which 
changes in haimony with that of natural fuels similarly (‘xposed. The 
moisture content of heavy fuels, such as large branches, logs of all sizes, 
snags, and deep, buried laycu’s of duff, changes slowly, and its nu^asurc- 
ment requires different techniques. Jn some regions it goes through a 
seasonal cycle, so that calendar date is a good index of cumulative (Iry- 
ing. Elsewhere, elapsed time since rains of different amounts serves 
as an index. The seasonal cyde differs between north- and south- 
facing slop es and between steep and gentle slopes, according to the 

for publication December 7, 1042. 

* Forest fire danger*' as used here, is a general term signifying the combination of variable elements that 
determines whether fires will start, and if so, the probable rate of spread and extent of damage. 

J Italic numbers in i)arentheses refer to Literature Cited, p. 176 

* Jemison, O. M., the measurement of forest fire danger in the eastern united states and 
ITS apflication in fire prevention and control. Apxmlachian Forest Exp. Sta. Tech. Note 50, 59 pp., 
lllus._ 1942. [Processed.] 

« Litter is the uppermost layer of organic materials in the forest floor, the structure of which has not been 
materially altered by decomposition. 
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position of tlie sun, honc(*, the effectiveness of radiation. Another 
important element in fu(‘l moisture conditions is stage of development 
of forest vegetation—the living fuel. This is ordinarily gaged by 
calendar date, ocular estimate, or actual measurement in the labor¬ 
atory. 

Determination of the best methods for measuring the moisture con¬ 
tent of all types of fuels requires a knowledge of the interplay of con¬ 
trolling factors. For example, standards of how, where, and when to 
measure litter moisture and heavy fuel moisture cannot be established 
unl(‘ss the controls of rates of drying and moistime equilibria are under¬ 
stood.** The weight that each fire-danger element should carry in th(^ 
final rating, also, can be determined accurately only when tlie inter¬ 
actions of all controlling factoi*s arc known. The significance of 
season, elapsed tinier since rain, and similar indirect indices of fuel 
moisture depends on how the complex fuels of a given region react to 
the com billed edect of the atmospheric factors. Furthermore, knowl¬ 
edge of the interaction of controls is needed in applying the ratings. In 
order to utilize efficiently the manpower available for fire suppression, 
a dispatcher needs to know how to adjust the rating available for his 
locality to allow for variations in temperature, humidity, and radiation 
brought about by variations in cover or topography in other parts of 
his district not served by a danger station. A fire boss on the fire line 
needs to be able to adapt danger ratings base^d on measiiremeuits taken 
elsewhere to fued and weather conditions for areas in the path of the fire. 

Although considerable effort has been maele in the past to isolate 
the influence of each weather element, very little has been done to 
determine the effect of solar radiation on rates of drying of fuels and 
on the moisture equilibria of these fuels. The influence of shade on 
fuel and micro-climate has b*ecn discussed frequently. Stickel {15) 
obtained data confirming the importance of a timber canopy in main¬ 
taining high fuel moistures. He also found that in the mixed-hard- 
wood-softwood forest region of the west-central Adirondacks, evapora¬ 
tion, hours since rainfall, duff temperatm*e, air temperature, depres¬ 
sion of the dew point, and relative humidity are most closely asso¬ 
ciated with litter moisture, in the order given. Mitchell {Ui) rated 
the general influence of individual weather elements on fuel moisture 
in the Lake States and showed how forest cover modifies atmospheric 
factors and hence fuel moisture. Jemison {12) found that absolute 
atmospheric moisture alone explained about as much of the vari¬ 
ation in litter moisture content as did 15 weather factors combined. 
The work of these and other investigators brought out only indirect evi¬ 
dence, however, of the importance of solar radiation as a control of 
fuel moisture. 

Gast and Stickel {6) were probably the first to investigate specifically 
the effect of sunlight on the rate of drying of forest fuels and conse- 
quentlv on fire danger. They compared fuel moistures in the open 
with those under the shade of bobbinet screens and found that the 
reduced radiation resulted in slower drying rates. Prom these investi¬ 
gations they concluded that deOTee of cloudiness could be used to 
gage fire danger and also that the amount of shade-producing cover 
on a cut-over area is an important criterion of the relative danger 
(dryness) on the area. 

• EquiUbrium moisture content may be define} as tbe asymptotic value which the actual moisture con* 
tent approaches if the litter is subjected to a given temperature and humidity for an influite length of 
time. 
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Hayes {11) measured air temperature, relative humidity, wind, 
litter moisture, maximum litter temperature, precipitation, and soil 
moisture on north and soutli slopes at each of three elevations in 
northern Idaho, and made a comparison of conditions as regards the 
first six of thes(» elements on north slopes with those on south slopes. 
His results showed significant differences betweim tlie two aspe(‘,ts for 
all six (dements except prtH'ipitation. H(^ pointed out the importance 
of insolation as a control of fued moisture, as indicated by measure¬ 
ments of maximum litt(»r temperature. On south slopes, he found 
minimum litter moisture sometimes varicMl less than ± 1 percent, from 
one clear day to the next, although maximum air temperature might 
range from 70° to 95° F., and minimum relative humidity from 30 to 
15 percent. Hayes found that IxhIs of pine duff on south slopes had a 
minimum moisture content, for a median day in August, about 2 per¬ 
cent lower than that of comparabl(», l)cds on north slopes. His data 
indicate appreciable differences in fire behavior indices on north and 
south slopes. 

The importance of solar radiation as (x^ntrolling fuel moisture was 
mentioned by Byram (S). Radiation caused sticks (xposed in calm 
air to dry rapidly. On wood sticks (exposed to full sunlight, the dry¬ 
ing action of wind was more than offset by its cooling action. Ois- 
borne (7) found that sticks lying on litter were drier than those 
supported 10 inches above the litter surface, where circulation of air 
was great(‘r. 

An investigation of the influence of solar radiation on the moisture 
(equilibria an(l rates of drying of forest fuels was begun by the Appa- 
hu'hian Forest Experiment Station in 1938, at the Bent Creek Experi¬ 
mental Forest, on the Pisgah National Forest, near Ash(‘.ville, N. C. 
Th(‘ investigation has included study of the effectiveness of radiation 
as a control of fuel moisture during different hours of the day and 
seasons of the year, on slopes of varied steepness and aspex^t. Theo¬ 
retical reflations between solar radiation and fuel moisture equilibria 
have been establishcxl and have been checked by field and laboratory 
experiments. 

Under natural conditions, of course, fuefl moisture is seldom in a state 
of equilibrium, but is usually increasing or decreasing. However, 
finfls with large exposed surfaci^s, such as hardwood leaf litter, ap¬ 
proach the equilibrium moisture content after rain rather quickly. 
The rate of loss of moisture from forest litter in the southern Appalach¬ 
ian region on sunny days is so rapid that this layer of fuels may be 
considered as being in the equilibrium state most of the time. 

The following technical discussion is intended to enable fire special¬ 
ists to understand better the importance of radiation as a control 
of fu(fl moisture, and indicates work yet to be done on the problem. 
Suggestions are offered for use of the data, which may lead to refine¬ 
ments in some fire-control practices. 

EXPERIMENTAL APPARATUS AND METHODS 

In order to supply necessary constants in equations derived in this 
study, as well as to establish the effect of radiation on fuel moisture 
under a variety of topographic and atmospheric conditions, an 
artificial sun^^ was constructed. This apparatus is actually a 
weather synthesizer, simulating variations of sunshine and wind, 
and making it possible to obtain quickly the effect of radiation as 
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modified by topography on fuel moisture equilibria. It renders 
unnecessary the impractical alternative of measuring directly in the 
field the response of fuel moisture to numerous combinations of 
weather elements on s(iveral kinds of slopes throughout a year. 

Two such artificial suns are shown in figure 1. The walls of the 
artificial sun enclos(» a rectangular volume divided by a horizontal glass 
plate into upper and lower compartments. The lower and shallower 
compartment, open at both ends and at the bottom, serves as a wind 
tunnel. At the top of the larger compartment, twelve 150-watt 
tungsten bulbs are placed on the perimeter of a circle to provide 
radiation. It has been shown mathematically that a circular source 
of light or radiation gives uniform distribution of energy on a surface 
pardlel to the plane of the source and situated at a distance from that 
plane equal to the radius of the circle. As the radius in this (*ase was 



Figure 1. —Two artificial suns, or weatlier synthesizers. 


9 inches, the bulbs were so placed that they were separated by a space 
of 9 inches from the leaf litter or other fuel tested. The whole in¬ 
terior of the apparatus was painted white, with the result that energy 
was uniformly distributed on the fuel even when only two or three 
bulbs were burning. The uniformity of radiation at the fuel surface 
was verified by careful checks with a photronic cell. The apparatus 
was placed directly over the natural litter in the forest or over fuel 
samples in the laboratory. Electric fans were used to draw air through 
the wind tunnel and over the fuel. Wind velocity was varied by 
adjusting the number of fans in operation or the openings in the box 
immediately behind them. Intensity of radiation was varied by 
turning on or off some of the bulbs; three or four bulbs, evenly spaced 
in the circle, were turned on or off at a time. 

Usually two of the artificial-sun devices were operated simul¬ 
taneously, so that results could be checked, or one of the three factors 
wind, radiation, and precipitation (simulated) could be varied while 
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all other factors were hold constant. Wet- and dry-bulb tornpora- 
turos wore taken outside the apparatus, G to 8 inches above the ground, 
with a hand-aspirated psychrometer. Within ihv. artificial sun, 
surface fuel temperature was measured by means of a recording 
thermometer, the }^-inch cylindrical bulb of which was placed on the 
litter and covered with a single thickness of oak leaves. Leaf samples 
were periodically collected, weighed, and oven-dried, and the moisture 
content computed on the basis of oven-dry w(‘ight. Tests varied in 
length from 2 hours to 2 days, according to the time required for the 
moisture content of th(‘ finds to reach equilibrium. 

Intensity of radiation was measured with the ice calorimeter (fig. 
2), a device composed of two identical ice-containing units, each unit 
consisting of a thin-walled copper cup blackened inside and heavily 
insulated. Each insulated lid has a 2-inch bob' at its center. One 
hol(' is uncovered, to admit radiation; an insulated shade excludes 



Figure 2. — Ice calorimeters used to measure intensity of radiation. 


radiation from the other unit. Both units mv exposed to the light 
source in the enclosed chamber of the artificial-sun apparatus. In 
use, each cup is two-thirds filled with ice. The difference in the 
number of ^ams of water draining from the two in a given time 
interval, multiplied by the heat of fusion of ice, gives the total radiant 
energy in calories admitted by the opening in the calorimeter lid 
during this interval. This energy, expressed in calories per square 
centimeter per minute, closely approximates the energy of solar 
radiation. Ten of the 150-watt bulbs gave 1.53 calories per square 
centimeter per minute, equivalent to very bright sunlight. 

INTENSITY OF SOLAR RADIATION 


The intensity of sunlight, varying with time of day, time of yeai, 
slope, aspect, latitude, and haziness of the atmosphere, can conven¬ 
iently be expressed as a fraction of the theoretical maximum intensity 
or that received by a horizontal plane at the top of the atmosphere 
when the sim is at the zenith. 
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INTENSITY AS DETERMINED BY POSITION OF SUN, ASPECT, AND SLOPE 

If atmospheric absorption is ignored, the intensity of solar radiation 
on a horizontal surface can be computed from the geometric position 
of the sun with respect to the surface. The sky may be regarded as a 
hemisphere, the lower boundary of which is the plane of the horizon. 



S~SOLAR DECLINATION Z~AZIMUTH OF SUN 

^-LATITUDE h~HOUR ANGLE 

A-ANGULAR ALTITUDE OF SUN 

Figure 3.—Diagram of celestial hemisphere. 


The daily paths of the sun are arcs on this hemisphere, as shown in 
figure 3. The angular altitude A of the sun is given by the equation 

sin A— 0 , 0 % b sin h cos <^4-sin 0 sin 5 (1) 

where d is the solar declination, h the hour angle ^ (measured from 
6 a. m.), and <l> the latitude. The azimuth Z of the sun’s position is 
given by the equation 


cos Z 


cos d c os h 
cos A 


( 2 ) 


Figure 4 shows diagrammatically the conditions that exist when 
sunlight falls on a plane (mountain slope) tilted at some angle a from 
the horizontal and rotated clockwise through an angle /3 with respect 
to the east. The direction of the sun is along the line BC in the verti¬ 
cal plane CEB^ and the lines BD and BE are the intersections of this 
plane with the tilted plane DHO and the horizontal plane EFO, 


T In the Bta^rd eauattons giv^ in a solar ephi^eris or In mcwt civil engineering handbooks or texts such 
as and Hosmer (/), from which equapons (1) and (2) can be derived, the hour angle is measured from 
mm tM the aslmuth angle is measured clockwise from north. However, in this study it was more con¬ 
venient to measure the hour angle from 6 a. m. and the asimuth angle clockwise from oast. 
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Fir.i RE 4.“ Diagram from which the theoretical iiitciiHity of solar radiation on a 
tilted plane may be determined. 

rospoctivoly. The angle FGH is the aspect angle jS. For a mountain 
slope facing northeast, the aspect angle would be 45°; for one facing 
east, 90°; north, 0°; southwest, 225°. The intensity of radiation on 
the plane DHQ is proportional to sin 0, which is given by the equation 

sin d-ain -, (3) 

the angle 6 is the angle between the direction of the sun BC from a 
given point B in this plane and the projection of BC on the plane. 
Angle yj/ is the angle between the projection of BC on the horizontal 
plane and the line T)B formed by the intersection of the vertical plane 
and the tilted plane; tan yp is given by the equation 

tan sin {Z—p) tan a 

which, when combined with equation (3), gives 

sin ^=sin A cos a—cos A sin a (sin Z cos jS—cos Z sin p) (4) 

EFFECTIVE RADIATION 

The total amount of solar heat actually reaching the earth’s surface 
is affected by atmospheric absorption of radiation. According to the 
law of absorption and Lambert’s cosine law, the effective radiation 
received on any slope can be found from the equation 

1 

/=/<,sin (^) 

where I is the incident intensity of radiation on a tilted plane at the 
surface of the earth, /o is the intensity of radiation at normal incidence 
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on a horizontal surface at the top of the atmosphere, and p is the 
fraction of radiation transmitted at normal incidence through the 
atmosphere. The quantity /o, the solar constant, equals 1.94 calories 
per square centimeter per minute according to Forsythe (5). How¬ 
ever, it is often more convenient to express Iq as unity so that / can be 
expressed as a fraction of Iq. 

The absorption factor p is not constant from place to place or from 
day to day in a given locality, because it is alfected by a large number 
of conditions such as water vapor, smoke, and dust in the air, and by 
altitude. In this study p was given an estimated value of 0.7, a 
reasonable average for a thin layer of rather dense haze, which is com¬ 
mon at elevations of 2,000 feet in the southern Appalachian Moun¬ 
tains during the fall and spring fire seasons. In western forest n‘gions 
of the United States the values of p may average somewhat higher than 
0.7, although it is doubtful that they can ev(u* be much above 0.8 
except at great elevations. As defined and used in equation (5), p is 
independent of the vertical distribution of absorbing haze particles and 
the angular altitude of the sun. 

The quantity ///o, which expresses the fraction of total possible 
radiation that actually reaches the earth’s surface as determined from 
equation (5), has been presented in figure 5 as a function of time of 
day for typical combinations of slope, aspect, and season in the south¬ 
ern Appalachians. (The hour of maximum radiation int('nsity is that 
when the sun’s rays approach the nearest to a 90° angle with the plane 
of the slope.) Curves showing fractions of maximum radiation re¬ 
ceived on 20-, 40-, and 100-perccnt south, north, and east slopes are 
plotted for June 21 and December 21, dat(‘8 when the sun reaches its 
greatest and least angular altitudes. For thc‘ calculations rc^pre^sented 
in determining sin A, a latitude of 35°30' was assumed. Solar declina¬ 
tions were obtained from a solar ephemeris, northern and southern 
declinations having the customary positive and negative signs, 
respectively. 

The differences in radiation on north and soutli slopes brought out 
by figure 5 are particularly significant because direct sunlight is the 
greatest factor in drying exposed forest fuels. In deciduous forests 
or on clear-cut conifer forest areas in the eastern mountain regions, 
fuels are unshaded, or practically unshaded, during several months of 
the year. The hardwood stands are leaflc^ss from November into May, 
or even longer at some elevations and latitudes, and this period includes 
the major part of the annual fire season. On clear-cut or severely 
burned forest areas in the West, fuels are completely exposed to the 
sun throughout the fire season. Obviously, if ground fuels are partially 
shaded by a forest canopy, radiation intensity as repre^sented in 
figure 5 is modific'd. 

Among the southern exposures, in summer the 20-percent slope 
receives the greatest radiation, because this slope forms an angle of 
almost 90° with the sun’s rays at noon. The 100-percent slope is too 
steep to receive maximum radiation at this hour. In winter, however, 
when the sun is low, the 100-perccnt slope receives more radiation 
than either the 20- or the 40-percent slope. Curves for other seasons 
of the year would fall between those shown for June 21 and December 
2L 

The picture for north-facing slopes is somewhat diflPerent. At the 
latitude of the southern Appalachians, where the sun approaches the 
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zenith on June 21^ 20-percent north slopes receive almost as much 
radiation in the summer as 20-perceut south slopes. On 100-p(*rcent 
north slopes, however, the radiation at noon on that date is 0.38 of 
the maximum, as compai’cd with 0.58 on south slopes of the same 
steepness. On December 21, 100-perccnt north slopes are in complete 
topographic shade, whereas lOO-percent south slopes receive about 
0.48 of maximum radiation at noon. 



«AM tAM tOAM NOON ' ' 
TlMt Of OAT 



TIME Of DAY Tlim OF DAY 


Figure 5.—Intensity of radiation received at different times of day on (A) 

• south, {B) north, and (C) east slopes in the southern Appalachians, on June 21 
and on December 21. 

On east slopes, radiation intensity reaches its maximum before noon. 
For west slopes the curves would be mirror images of those for east 
slopes, the maxima occurring in the afternoon. 

An example of the calculation of /, effective radiation received on 
a given surface, is presented as a guide to technicians who wish to 
adapt equations (1) to (5) to other regions of the United States, 
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Problem: To find radiation /, for a 20-perccnt east slope at 10 a.m. 

on June 21 at a north latitude of 35°30'. 

Given: Hour angle 60° (measured from 6 a.m.). 

Latitude <^==35°30' (assumed). 

Aspect angle i9=90° (measured from north). 

Angle of slope a=ll°19' (for an assumed 20-percent slope). 
Solar declination 6=23°30' (from solar ephemeris tables). 
Solar constant /o=l. 

Absorption factor 0.7 (assumed). 

The following computations are sufficient for determining /. The 
sines and cosines of A and Z are found from equations (1) and (2) 
respectively. Sin B is computed by means of equation 4 from the sines 
and cosines of A, Z, a, and The radiation I is then computed from 
equation (5). The details of these steps are as follows: 

Sin A=^cos 23°30' sin 60° cos 35°30'+sin 35°30' sin 23°30' 

= .878, and cos A.= .478. 

^ „ cos 23°30' cos 60° 

Cos Z=- ^ - 

=.958, and sin Z=.287. 

Sin ^=.878 cos ll°]9'-.478 sin 11°19' (.287 cos 90°-.958 sin 90°) 
= .951. 

J=.951 (.7)^ 

=0.63 of maximum possible radiation. 

The value 0.63 thus derived checks with that plotted in figure 5, 
for the conditions assumed. To obtain the value I in calories per 
square centimeter per minute, 0,63 W'ould be multiplied by the solar 
constant given by Forsythe, 1.94. 


SOLAR RADIATION AND EQUILIBRIUM FUEL MOISTURE 


To determine the quantitative relation between solar radiation and 
fuel moisture it was necessary to analyze the relations between tem¬ 
peratures and humidities of the fuel bed and the independent variables, 
air temperature, air humidity, wind, and insolation. 

RELATIONS OF RADIATION AND WIND TO TEMPERATURE DIFFERENCE OF FUEL 

AND AIR 


If is the rate at which a fuel sample in sunlight loses heat and 


is the rate at which it gains heat, then the temperature of the fuel 
sample remains stationary only if 


dQt dQg 


( 6 ) 


According to Newton's law of cooling, the rate of loss of heat from 
an object is directly proportional to the temperature difference existing 
between the object and its surroundings, and includes rates of loss due 
to free convection, conduction, and radiation. If the temperature 
difference is not very great, the radiation loss is small compared with 
the loss due to convection and conduction. This law can be generalize 
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to give the rate of loss duo to forced convection when the object is 
ventilated by an appreciable wind. If it is assumed that rate of loss 
of heat from forest fuels is directly proportional to wind velocity, it is 
possible to write the equation 

f^'=(aF+6)(7V-rj (7) 


where V is wind velocity, Tf is fuel temperature, is air temperature, 
and a and b are constants. The values of th(' constants a and b 
depend to a considerable extent on the nature of the fuel bed and the 
manner in which Tf is measured. In this study, for example, tlic 
value for jT/, the tc^mperature of the air in the spaces under the top¬ 
most individual heaves, is considerably less than would be shown by a 
thermocouple with the junction cemented to the upper surface of a 
leaf. In addition, considerable heat is lost by conduction through the 
fuel bed into the ground. Radiation losses from forest, fuels are small. 

If I is the intensity of radiation in calories per square centimeter 
per minute as measur(‘d in the artificial-sun apparatus, and if this is 
the only source of heat., then from equations (6) and (7) 

from which 


T,-T.- 


aV+h 


( 9 ) 


The relation between Tf-Ta an<l I for different wind velocities as 
established experimentally with the artificial-sun apparatus, is shown 
in figures 6 in which measured values of Tf-Ta are plotted against 



I« CAtOKICf Kll CM^ PER MINUTE 

Figure 6. —Relation of radiation intensity / and wind velocity V to difference 
oetween fuel temperature and air temperature 7/— T*, as established experi- 
mentaUy with the artificial-sun apparatus. 
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Table 1. —Experimental data used in determining relation of Tf-Ta to radiation 
intensity and wind velocity 


Radiation inten¬ 
sity, J (calorics 
per cm>* per 
minute) 

Wind 
veloc- 
itVr V 

Air 

tem¬ 

pera¬ 

ture, 

Surface 

fuel 

Icmpcr- 

aturc, 

Tf 

Tem¬ 

pera¬ 

ture 

differ¬ 

ence. 

Radiation inten- 
sity, I (calories 
pt^r cm * ner 
minute) 

Wind 
veloc¬ 
ity, y 

Air 

tem- 

lM*ra- 

ture, 

Ta 

Surface 

fuel 

temper¬ 

ature, 

Tf 

Tem¬ 

pera¬ 

ture 

differ¬ 

ence, 

Tf~Ta 

0.3ft. 

M. p. h. 
0 

oy 

7ft 

oy 

92 

^F. 

13 

1.01--.. 

M. p. ft. 
2.1 

^F. 

84 

oy 

102 

°F. 

18 

.39_ 

0 

78 

91 

13 

1.01 _ ... 

3.7 

77 

94 

17 

.3ft.-, -. 

0 

79 

97 

18 

1.27.. 

' 0 

74 

124 

60 

.39 

2. 1 

7» 



1.27 .. _ 

0 

1 70 

122 

62 

.39--.. 

.6.9 

7ft 

82 

3 

1.27. 

2. 1 

74 

KM) 

26 

.66 . 

0 

90 

no 

20 

1.27 __ 

6.9 

70 

83 

13 

.66. 

2. 1 

90 

100 

10 

i..6:i_ - ... 

0 

75 

126 

61 

.72 . . _ 

0 

80 

107 

27 

1..63. 

2.1 

75 

103 

28 

.72.. 

0 

84 

109 

I 26 

1.76. 

0 

77 

1.37 

♦>0 

.72. 

2. 1 

84 

96 

i 

1.76__ 

0 

80 

140 

60 

.72. 

6.9 

78 

86 

7 

1.76.. 

0 

83 

146 

63 

1.01. 

0 

77 

119 

42 

1.76_ _ 

2.1 

76 

108 

32 

1.01. 

0 

83 

120 

37 

1.76.. 

6.9 

83 

KM) 

17 


inoasurod values of I. The ranges in air temperature, fuel tempera¬ 
ture, wind, and radiation under which observations w(‘re made* are 
as follows: Air temperature, 74° to 90° F.; fuel temperature, 83° to 
146° F.; wind, 0 to 5.9 miles per hour; radiation intensity, 0.39 to 1.76 
calories per square centimeter per minute. Data forming the basis 
for figure 6 are given in table 1. Computing the constants a and b by 
the method of least squares gives for equation (9), when Tf-Ta is in 
degrees Falirciiheit, 

7V-rT'„=o oi5 F+0.026 

which adequately fits the experimental data. When a and b are deter¬ 
mined directly from the data, it is not necessary to know the total 
emissivity or absorption factor of the fuel bed. It should be empha¬ 
sized that, in fuel types in which loss of heat to the soil underlying the 
litter and loss to tne air proceed at faster or slower rates than in the 
beds of hardwood leaf litter used in this investigation, othei* values for 
the constants a and b would be obtained. 

RELATIONS OF RADIATION, HUMIDITY, AND WIND TO FUEL MOISTURE 

The relation of radiation and relative humidity to fuel moisture 
can most easily be determined by means of the vapor pressure func¬ 
tion. If the range of temperature is not too great, the saturated 
vapor pressure P, in a given space at a temperature T is related to T 
approximately by the empirical equation 

P,-=^Ke^^ ( 11 ) 

where P, is in millimeters of mercury, T is in degrees Falirenheit, e is 
the base of natural logarithms, and K and c are constants. Table 2 
shows the saturated vapor pressure of water for temperatures from 
32° to 122° F. and corresponding values of when K and c have 
valu^ of 1,77 and 0.033, respectfully. That these assumed values 
provide a close approximation of P, is seen by comparing the second 
and third columns in the table; the values agree clos^ except at 
mUh temperatures. The values of K and c in equation (11) could 
altered slightly throughout the temperature range of, say, 60° 
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to 150°, which would bo more suitable for use in summer, when fuel 
and air temperatures arci high. This adjustuKuit is unnecessary, 
however, because through a temperature range of 100° equilibrium 
fuel moisture values are changed only to the extent of about one- 
third of 1 percent by errors in the constant c. The constant K does 
not enter into determinations of fuel moisture equilibria. 


Table 2 .—Saturated vapor pressure of water for temperatures 32° to 122° F. and 
corresponding values of Ke^"^' when K—1.77 and c= 0.033 


Temperature (°F.) 

Saturated 
vajjor 
Iiressure 
of water 

Kt^r 

Temperature (®F.) 

Saturated 
vapor 
pressure 
of water 

Ke^T 

32--._ 

A/m. of 17g 
4.58 i 

Mm. of Ilg 
5.09 

80 . _ 

Mm. of Hg 
31.82 

Mm. of llg 
30.22 

41__ 

0. 54 

0.85 

95 . 

42.18 

40.69 

50. 

9. 21 

9.22 

104_ . . . 

55.32 

54. 70 

59. 

12. 78 

12.40 

113.. 

71.88 

73.70 

08. . . 

17. 54 

10.69 

122. 

92.51 

99.18 

77-.... 

23. 70 

22.47 





The vapor pressure P existing when the space is not saturates] is 
related to /% by the equat ion 

P-//P, (12) 

where 11 is the relative humidity. Hemus if Pa is the pressure of 
the water vapor in a given space at air temperature Ta and relative 
humidity //«, 

(13) 

and if P/, Tf, and /// refer to the same properties in a space imme¬ 
diately adjacent to the fuel particles, 

Pr^IIfKe^^^f (14) 

But when fuel moisture is in equilibrium. Pa and Pf are equal, hence 
(13) and (14) can be combined, which gives 


(TV-r-) 

H.- 


Sul>stituting (10) in (15) gives 




//(0.3»r+0.85) 


(15) 


(16) 


H 

Solutions for ^ can be found from the nomographic chart figure 7. 
If any given values of V and I are connected with a straight edge. 


solutions for the ratio ^ are given by the intersection of the straight 

jj 

edge with the line representing Ttie value of Hf can be found 
from the ratio if fl* is known* 

M420fr--48- Z 
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Fici^itE 7."' Nomographic chart for solving the equation 


Ill — ^-//( 0 . 3 » ^+ 0 . 85 ) 

Ha 

Tlie oquilibriiim moisture content of forest fuels (and cellulose 
materials in general) is determined chiefly by relative humidity, 
although temperature has considerable influence. From figun^ 8, 
which applies to any finely divided fuel,® equilibrium fuel moisture 
content can be found if fuel temperature Tf and fuel humidity Hf are 
known. With no sunlight, or if the fuel is completely shaded, fuel 
temperature and humidity are approximately the same as air temper¬ 
ature and humidity. Under either of those conditions, figure 8 may 
be used to find equilibrium fuel moisture by considering that 7/= Ta 
and that 77/^^Ha. 

It is possible to determine fuel moisture equilibria for any given 
combination of air temperature, relative humidity, wind, and radiation 
by computing the effective temperatui'e TV effective humidity Hf 
and applying these to figure 8. For example, what is the fuel moisture 
equilibrium when air temperature is 80°F., atmospheric relative 
humidity is 30 percent, wind velocity is 0, and radialtion intensity is 

«Except for high moisture contents, figure 8 checks closely with a fuel moisture equilibrium chart for 
Silica spruce wood given by L. F. Hawl^ (/d, p. 8), and with a series of similar relations for several kind! 
^ light fuel reported in the following: Dunlap, m. E. this hklation op humidity to the moisture 
CONTENT OF POBBST FIRE PUEL8. tJ. S. Forost Serv., Forest Prod. Lab. 9 pp., ilius. 1924. (Unpublished). 
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FidtiRK 8.—('hart for dotcrniiniiig equilibrium fuel moisture content on the 
basis of fuel humidity and fuel temiierature. (Adapted from chart based on 
results of oxperinuuital work by the U. S. Forest rroducts Laboratory and 
published in the following: Gray, L. G. prkliminary report on" fire 
HAZARD RATING STUDY. U. S. WeathcT Bur. San Francisco, 1933. [Proc¬ 
essed.] The broken lines havt‘ been added by extrapolation.) 

0.80 calori(»s per square' ('ciitimeter per minute on a slope fully exposed 
to th(‘. sun? From figure 6 the differenee between litter and air tem¬ 
perature {Tf-Ta) is found to be 29°, which means that effective or fuel 

temperature is 109°. The relative-humidity ratio ^ is found from 

figure 7 to be approximately 0.4. Effective humidity (at fuel surface) 
is then easily found; since 

^=0.4 and Ha=30 

Hf=l2 percent 

When 109° and 12 percent are used in figure 8 as the values for T/ 
and Hf, respectively, equilibrium fuel moisture is seen to be about 
2.5 percent. 

Under the conditions assumed above—air temperature of 80° F. 
and humidity of 30 percent—but with radiation intensity of 0, equi¬ 
librium fuel moisture as determined from figure 8 would be 6 percent. 
Thus, under these air conditions, where fuel in the sunlight would 
have an equilibrium moisture content of 2.5 percent, fuel in shade 
would have one of 6 percent. 

Close agreement between equilibrium fuel moistures experimentally 
determined and those computed from figures 7 and 8 is indicated by 
the data presented in table 3, The experimental values are from 0 





164 


Journal of Agricultural Research 


Vol. 67, No. 4 


Table t3. —Comparison of experimentally and theoretically determined fuel moisture 
equilibria for different combinations of radiation, wind, temperature, and 
humidity 

THIN BASWOOD SLATS 


Radiation intensity. I (calorio.s jmt 
cm.* f)cr niinule 

Wind 
veloc¬ 
ity, V 

Surface 

fuel 

temper¬ 
ature, Tf 

Air 

humid¬ 

ity, 

Ha 

Humid- 

™‘io. 

////H« 

Fuel 

humid¬ 

ity, 

Equilibi 

moi{ 

Tlieoret- 
ical • 

ium fuel 
turo 

Exix^ri- 
mental * 


M.p,L 


Permit 


Percent 

Percent 

Percent 

0.39. 

0 

97 

78 

0.62 

48 

7.7 

7.7 

..'m. 

2.1 

86 

78 

.80 

62 

11.0 

11.1 

.66.-. 

0 

110 

54 

.52 

28 

4.3 

5.3 

.66... 

2.1 

100 

54 

.71 

38 

6.2 

6.6 

.72. 

0 

J09 

30 

.42 

13 

2.5 

3.6 

.72.. 

2.1 

96 

30 

1 .64 

19 

3.6 

4.7 

1.01... . . -.- 

0 

120 

50 

.30 

15 

2.6 

3.8 

l.Ol. 

2.1 

102 

50 

..'W 

28 

4.7 

5.4 

1.27. ... 

0 

124 

60 

.22 

13 

2.5 

3.6 

1.27. 

2.1 

100 

60 

.48 

29 

6.2 

5.3 

I./® .- . 

0 

126 

58 

.17 

10 

2.0 

2.9 

1.58.. . 

2.1 

lai 

58 

.40 

23 

4.2 

6.3 

1.76 . .... . .- 

0 

131 

56 

.13 

7 

' 1.8 

3.6 

1.76.. . 

2.1 

108 

56 

.34 

19 

1 3.5 

4.3 

1.7^).. .. 

0 

135 

60 

.13 

8 

1.9 

3.0 

1.76. 

3.7 

102 

60 

.58 

35 

! 5.9 

5.9 

1.76. 

0 

146 

1 64 

. 13 

7 

1 1.5 

2.4 

1.76... 

5.9 

100 

54 

1 

31 

6.2 

1 

6.4 


HARDWOOD LEAF LITTER 


0 

160 

47 

0. 13 

G 

1.8 

5.7 

98 

47 

.55 

26 

4.6 

0 

126 

53 

. 13 

7 

2.0 

6.6 

91 

53 

.58 

31 

6.0 


1 Computed from 7 and 8. 

* Determined by use of the artificial-^un api)aratus. 


to 1.8 percent higher than those computed from the graplis; the average 
departure is 0.8 percent. Undoubtedly, this difference was due 
partly to a slight lag in rate of drying but mostly to hysteresis. 

EFFECT OF WIND ON MOISTURE EQUIUBRIA OP IRRADIATED FUELS 

From equation (16) one would be inclined to deduce that fuels 
exposed to both radiation and wind have higher ec^uilibrium moisture 
contents than fuels exposed to radiation in still air. Although con¬ 
trary to the usual ideas of drying phenomena, this deduction is 
conclusivelv borne out by the fuel moisture curves in figures 9, 10, 
and 11, and by the data presented in table 3. Figure 9, based on data 
for thin basswood slats immersed in water and then exposed in 
artificial-sun apparatus, shows that the slats had higher equilibrium 
moisture contents in wind than in calm air. Figure 10 indicator a 
similar contrast between slats in wind and in calm air that were started 
at oven dryness. Figure 11 shows the rate of drying of hardwood loaf 
litter having an initial moisture content of about 20 percent, a value 
within the inflammable range. This fuel responds in a manner ident¬ 
ical to that of the wood slats represented in figures 9 and 10. 

The higher moisture equilibna of irradiated surface fuels subjected 
to wind are due to the higher humidities associated with lower fuel 
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temporaturos. For irradiatod fuels the (tooling action of wind more 
than offsets its drying action. Figure 10 demonstrates that a cool fuel 
can absorb and hold more moisture than a hot one. (This is a partial 
explanation for the fact that higher moistures exist on cut-over areas 
bearing residual stands than on comparable clear-cut areas.) 

The general conclusion may be drawn that, in regions wliere forest 



Figure 9.—Drying curves for irradiated wood slats exposed in calm air and for 
others exposed to a wind of 6.7 miles per hour. Slats were initially immersed 
in water. Relative humidity during test, 55 ixjrcent; air temperature, 80° F.; 
radiation, 1.76 calories per sijuare centimeter per minute. 


fuels are normally exposed to sunlight, higher fuel moisture equilibria 
are associated with clear windy weather than with clear calm weather. 
The difference may be as great as 6 percent, depending chiefly on 
levels of the atmospheric factors temperature, humidity, and wind. 
K is greatest for the range of fuel moisture below alx)ut 15 percent. 
This influence of wind operates only to a slight extent on stoop north 
slopes, where insolation is low. 
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Figure 10.—Curves showing effect of wind on rate of gain of moisture by wood slats 
initially oven-dry and exposed to aradiation of 1.76 calories per square centimeter 
per minute. Relative humidity during test, 62 percent; air temperature, 82° F 



Figure 11.—Curves showing effect of wind on equilibrium moisture content of hard¬ 
wood leaf litter exposed to a radiation of 1.76 calories per square centimeter per 
minute. Relative humidity during test, 61 percent; air temperature, 84° F. 
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SOLAR RADIATION AND RATE OF DRYING OF FOREST FUELS 

As has boon stated, the moisture content of the surface forest litter 
in the southern Appalachian region may be (‘onsidered as being in the 
equilibrium state most of the time. The moisture content of lower 
layers of forest fuels, on the contrary, is not often in equilibrium with 
the humidity of the air immediately above the fuel bed; and it has 
almost as gn^at an influence as that of the surface fuels in determining 
the inflammability of the total fuel layer. The rate at which sub¬ 
surface fuels diy out after a rain is therefore particularly important. 
Only after determining the i)rinciples that govern this rate of loss of 
moisture can fire-research specialists supply fire dispatcluu’s with 
puid(*s that will enable them to judge when fuel is approaching an 
inflammable slate. A complete solution of the rate-of-drying prob- 
l(un would find more immediate application than one of any other 
phase of fuel moisture studies. 

Comjdete solution of the rate-of-drying problem is outside the 
scope of the present investigation, but this problem deserves discus¬ 
sion in connection with a general anabasis of the factors upon which 
fuel moisture content d(*p(‘nds. For tlie benefit of other investigators, 
some of the theoretical concepts of rate of drying of forest fuels will 
be outlined. 

If <2 is the moisture content of a thin layer within a thick (about 2- 
in(?h) betl of fuel, the* rate of loss of moisture from this layer should be 
given with reasonable accuracy by a differential equation of th(‘ form 

jt —( 9 ^ (I'f-UaPMmm ( 17 ) 

where Pf is the pressure' of water vapor witliin the fuel layer, P, the 

i )r('ssure of saturated watei’ vapor at air temperature, //« the rt'lativo 
nimidity of the air at the surface of the fuel bed, j\{q) some undeter¬ 
mined function of fuel moisture,/ 2 (F) some function of wind velocity 
F, and some function of the thickness D of the fuel above the 
selected thin layer. 

The evaporating force is proportional to the term (P/—7/aP.O, but 
the rate of evaporation dcpeiuls also on the vapor pressure gradient 
existing between the fuel layer and the space immediately above the 
surface of the fuel bed. The vapor pressure gradient is detc'.rmined in 
part by the thickness and porositv of the fuel above the layer under 
consideration, and in part by wiiui velocity. The rate of evaporation 
depends in some complex way on the water supply or on /i(g). The 
vapor pressure P/ in the fuel layer is a function of the temperature of 
the fuel layer, which in turn is determined by air temperature, wind 

velocity, intensity of radiation, and rate of evaporation If a 

temperature gradient exists in the fuel bed, P/ depends also on D. If 
the moisture content q is below the fibre saturation point (about 30 
percent) P/ is a function of g, since the water molecules in that case 
become partially bonded to the molecules of wood substance and this 
causes a decrease in Pf. For this reason eqiiation (17) caimot easily 
be integrated if q is less than 30 percent. For values of q above the 
fibre saturation point, equation 17 can be integrated as follows, pro- 
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vid€id that the rate of loss of heat due to evaporation cooling is small 
compared with the intensity of radiation: 

or 

F{qo)-F{q) - (18) 

where F{q) is the integral of /i ( 5 ) 

To find the time required for two similar layers of fuel to lose equal 
amounts of water under different intensities of radiation and wind 
velocities, it is possible to write 

or 

{P'f-ILP.)UV')t' (19) 

where P'/y F', and t' are fuel vapor pressure, wind velocity, and time, 
respectively, for the second fuel layer. Pf and PV must be the satu¬ 
rated vapor pressures corresponding to the fuel temperatures, and 
should be regarded as the vapor pressures existing on the surfaces of 
individual wet leaves in the fuel layers. After substitution of the 
exponential relation (equation 11 ) for vapor pressures and simplifica¬ 
tion, equation (19) becomes 

Substituting ^ for Tf--Ta (equation 9) gives 

( 20 ) 

When an assumed wind velocity value of 2.5 miles per hour was 
inserted in equation (19) along with the values of a, 5, and c previously 
given, th(* equation was simplified to 

{e^-^^'-Ha)t' ( 21 ) 

Values computed from this equation for relative time required for 
thin layers of fuel near the surface of fuel beds on north and south 
slopes to lose equal amounts of moisture after a rain are presented in 
table 4.® 


Table 4. —Relative drying time * of fuel near surface of fuel bed on north and south 
slopes in May and November 



May 6 

November 6 


North 

South 1 

North 

South 


2.6 

2 

7 

4 

40...-... 

2.6 

2 

9 

3.5 


3 

2 

15 

3.5 


> Calcttlftted by use of eqfiatioii (21). Wind velocity of 2.5 m. p. h. and 40 percent relative humidity am 
assumed. Values may be regarded as either days or hours. 


• According to the current results of a study to determine the effect of torreetrial radiation on fuel moisture* 
on moat forest areas the ratios of time reqoiied for dr^ng on north slopes to that required on south 8lo|)es may 
be eonsiderably greater than Indicated in table 4. Under some conditions, north slopes may actuiuly gain 
mofsture <m oaim« doudless days and nights while adjacent south slopes continue to lose moisture. Equa* 
tion ll7) is suflloientl:^ gehoml to Include in its solution the effects of terrestrial radiation on fuel moisture. 
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The tabular value of t, relative drying time, for a given slope and 
season of year is the reciprocal of the area between two curves plotted 
on the same gi’aph, one representing liourly values of the quantity 
e the other representing values of relative* humidity Ha drawn as 
a smooth curve from 100 percent at sunrise to 40 p(*rcent at noon to 
70 percent at sunset. It was assumed that no significant drying 
occurr(*d during the night. The area between the two curves repre¬ 
sents the integrated value of e®*®'**—//« for the daylight hours. 

Experimental data obtained with the artificiai-sun apparatus show 



EXPOSURE TO SUNSHINE (HOURS) 

Figure 12. —Drying curves for lower layers of fuel exposed to radiation, as measured 
by thin slats buried in the lower layers of litter. (Breaks in curves indicate effect 
of turning off fans and lights in artificial-sun apparatus at night.) 


that, in bright sunlight, winds of low velocities (1 to 3 miles per hour 
at the fuel surface) have no appreciable net effect on rate of drying of 
subsurface fuel. This is illustrated by drying curves for the lower fuel 
presented in figure 12. The same thing is true of basswood slats of 
high moisture content, as is shown by the portion of figure 9 represent¬ 
ing moistures above the fibre saturation point. In tliis figure it will 
be noted that when their moisture content was above 30 percent, the 
slats dried at almost the same rate in calm air as in a wind of 6.7 miles 
per hour. A logical explanation is that although wind has a pro¬ 
nounced tendency to hasten drying this is offset, when wind velocity 
is low and radiation intensity is high, by its tendency to cancel the 
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influence of radiation on temperature, just as is the wind’s tendency to 
lower the equilibrium moisture content of surface fuels. Figure 13, 
which shows the effect of wind on the rate of drying of basswood slats 
in the absence of radiation, indicates that this explanation is correct^ 
because the fuel in wind dried faster than that in calm air. 

Probably several other factors influence the form of the basic equa¬ 
tion (18), and the values presented in table 4 may be only rough 
approximations. For example, the moisture gradient within a drying 
fuel bed is afl’ected by the loss of moisture from all fuel layers, not just 



Figure 13.—Rates of drying of ventilated and non ventilated wood slats in 
absence of radiation. 

one layer. However, equations (19) to (21) probably would not be 
changed appreciably by variation in the moisture gradient. A verti¬ 
cal temperature gradient also exists within a fuel bed, and T^-Ta is 
smaller for lower fuel layers than for layers near the surface. For 
thin basswood slats exposed so that the air can circulate freely about 
them, the rate of heat loss due to evaporation cooling is not small 
compared with the intensity of radiation received; it may occasionally 
be almost half as great as the radiation intensity. However, evapo¬ 
ration cooling is probably much less in fuel beds. 

The development of rate-of-drying eouations for moisture contents 
belW the fibre saturation point is a phase of the problem that has 
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received relatively little attention from technical foresters, but is one 
of extreme importance. 

Work on the entire ratc-of-drying problem is continuing at the 
Appalachian Forest Experiment Station. 

SIGNIFICANCE AND APPLICATION OF FINDINGS 

As was numtioned in the introduction, fire-danger ratings are used 
as guides in the employment and disposition of fire-control personnel. 
When the weather becomes dry and windy, more lookout men and 
suppression crews are required—especially in the drier and windier 
parts of a forest. Danger ratings help fire-control administrators to 
estimate how many men they need and to distribute their forces 
advantageously. In order to increase the refinement with which 
forest fire-danger ratings are made and applied, one necessity is to 
gain a better understanding both of the influence of topography and 
of ‘^season of the year” on fire danger. In the United States the signif¬ 
icance of seasonal changes in radiation intensity is particularly great 
in northern latitudes; in liardwood forest types that are leafless dur¬ 
ing lat('. spring, wdien radiation is intense; on areas of rugged topog¬ 
raphy; and on western burned-over areas where dead forest fuels are 
exposed to sunlight during the summer months. This paper jirovides 
t(‘chnicians in all regions with a general technique ami equations for 
computing moisture equilibria of surface fuels for any combination of 
date, hour, slope, aspect, air temperature, air humidity, and wind, 
and with information on some of the basic relations governing rate of 
drying. This should lead to a better understanding regarding these 
factors on the part of wnrkers engaged in perfecting fire-danger rating 
systems. Eventually, by acquiring and using a knowledge of radia¬ 
tion eflfects, it should be possible to modify the several measurements 
made at a skeleton network of fire-danger stations to fit all topography 
adjacent to the stations, thus greatly reducing the labor and cost of 
danger measurements. 

Rates of drying of forest fuels calculated in this study can be used 
as a partial correction for ratings of fire danger at key stations, to 
make them apply to areas where conditions cannot be measured. 
Table 4, compiled in connection with the theoretical development of 
rate-of-drying relations, brings out differences in rate of drying for 
several aspect-slope-season combinations. After a rain in early May, 
it indicates, the fuel on a 60-percent south slope in the southern Ap¬ 
palachians loses as much moisture in 2 days as that on a corresponding 
6()-percent north slope loses in 3 days. Likewise in November the 
fuel on the south slope dries from a saturated condition down to an 
inflammable one in 3K days, but the fuel on the north slope does not 
reach this point until after 15 days of the same type of weather. 

Rate-of-drying data will become especially valuable to fire-control 
administrators when more is learned about variations in effect of wind 
corresponding to topographic variations and about variations in tem¬ 
perature and humidity corresponding to variations in elevations. 
Hayes {11) has worked on the latter problem in the northern Rocky 
Mountains, and similar studies have been in progress for 3 years in 
the southern Appalachians. Thus far, the most important variation 
isolated in these studies is that of ground wind velocity with elevation 
and aspect. 
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All example will indicate to fire specialists how the findings of this 
study may eventually be applied, at the same time indicating defi¬ 
ciencies in present knowledge and a direction for future work. 

A small portion of the Pisgah Ranger District of the Pisgah National 
Forest, in western North Carolina, lias been used for this illustration. 
For May 6 and November 6, near the peak of the spring and fall fire 
seasons, a typical set of conditions has been assumed; namely, air 
temperature of 70° F., relative humidity of 40 percent, no wind at the 
litter surface, and the hour of 2 p. m., when the moisture content of 
light fuels is likely to be close to the equilibrium point. Usually, on 
those dates, a typical hardwood forest at the average elevation of the 
Pisgah district, about 4,000 feet, is leafless and a maximum of sunlight 
penetrates the stand and reaches the fuels of the forest floor. 

To illustrate in detail the variations in fuel moisture equilibria 
associated with topography, due to unequal insolation, lines passing 
through points of equal surface fuel moisture equilibria as determined 
according to the findings of this study have been superimposed on an 
enlarged contour map of this area, which is roughly 2)i miles square, 
for May 6 and November 6 (fig. 14). The variation brought out em¬ 
phasizes the problem confronting one who must locate finvdangtjr 
stations to sample “representative^^ conditions of fuel moisture. 
Knowledge of this variation, however, should help him choose loca¬ 
tions that meet the specifications set up. The spread in (equilibrium 
fuel moisture on November 6 is 5 percent, a difference particularly 
significant in such a low range of fuel moisture as that represented 
here. On May 6 fuel moistures are lower and there is less difference 
between north- and south-facing slopes, because the sun is higher and 
its i*avs are more effective. . 

Table 5, showing the relative portions of the area on which equi¬ 
librium surface fuel moisture content was theoretically of given classes 
on the two dates, emphasizes the significance of the seasonal differtmees 
brought out in figure 14. In the southern Appalachian system of 
danger rating, fui'l moisture of less than 4 percent is classed as critical. 
In May, equilibrium moisture content falls in this extreme class on 
76 percent of the area used in the illustration; in November, under 
exactly the same atmospheric conditions it does so on only 9 percent. 
In other words, in November it is likedy that fewer fires will start and 
those that start will spread more slowly and be easier to control on 
much more of the area than in May, even though all atmospheric 
conditions are the same for both dates. 

Basic information such as that used to construct figure 14 can be 
tabulated as in table 6 to gain an appreciation of the range in equi¬ 
librium fuel moistures that may be expected in mountainous country 
and to facilitate its use by field men. 


Table 6 ,—Fuel moieture classification of sample area for May 6 and November 6 


Eqiinibrium fuel mols- 

Proportion of total area 

Equilibrium fuel mols- 

Pro{)ortioQ of total area 

ture eonteat (pora&nt) 

Mays 

November 6 

ture content (percent) 

May 6 

November 6 

Less than 3.. 

Leas than 4..-. 

Ptrwni 
A3 1 
76 i 

0 

9 

l/ess than 7. 

toss than 8-.. 

Percent 

Pertem 

88 

97 

Less than 5.. 

Less than 6.. 

36 

100 

1 

49 

70 

Less than 9. 

i 


100 
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ion of the Pisgah National Forest, N. C.: A, May 6; B, November 6 
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Table 6. —Fuel moisture equilibria for sample area, by aspect, slope, and wind 
class, when air temperature is 70° F,, relative humidity is 40 percent, and hour 
is 2 p. m. 

MAY 6 



N.. 

5 

7 

6 

7 

7 

8 

8 

8 

8 

8 

NE.- . 

5 

7 

6 

7 

8 

8 

8 

8 

8 

8 

E.-.- . 

5 

6 

6 

7 

6 

7 

7 

8 

8 

8 

SE. 

4 

6 

4 

0 

4 

(> 

4 

6 

[> 

6 

S...-.1 

4 

6 

4 

6 

3 ! 

.*> 

3 

r. 

3 

6 

SW'. 

4 

6 

3 1 

5 

3 i 

5 

3 

5 

4 

5 

w. 

4 

6 


6 

4 

6 

4 

(5 

4 

0 

NW. 

6 

i 

6 

6 

1 

6 

6 1 

6 

6 

7 

0 

7 


J For flats, the fuel moisture percent is as fallows: Wind of 0 inph, 2 percent on May 0, 4 percent on Nov. 
6; wind of 3 mi)h, 5 percent on May 6, 6 percent on Nov. 6. 


Obviously, one condition, that complicates the application of the 
findings regarding equilibrium fuel moisture relations to a lietero- 
geneous forest area is the variation in air temperature, air humidity, 
and wind from one locality to another. Until more is known about 
such differences, much of the significance of the relation of radiation 
to equilibrium fuel moisture must lie in the basic theory developed 
rather than in everyday application by fire-control administrators. 
Nevertheless, the importance of determining the variations of at¬ 
mospheric factors with topography becomes more evident when the 
potential differences in actual rate of spread of fires resulting from 
the extremes of fuel moisture noted in figure 14 are estimated. The 
rate-of-spread figures vary not only with atmospheric factors, but 
also with steepness of slope, fuel type, and perhaps other factors. 
On the average slope, on a calm day, and in leaf litter typical of the 
southern Appalachians, fires burning in fuel with 4 percent moisture 
would increase their perimeter about 4 or 5 chains per hour faster 
than fire burning in fuel with 8 percent moisture. All other things 
being equal, a dispatcher recognizing such a difference in fuel moisture 
would have to send two or three more men to a fire in the drier fuels 
than to a similar fire in the more moist fuels, if control were to be 
accomplished in the average length of time. 

It must be emphasized that several other considerations influence 
manpower requirements for fire control to a much greater extent than 
4- or 5-percent differences in fuel moisture. It must be remembered 
also that only for the very light surface fuels is moisture content 
frequently near equilibrium with that of their suiToundings; therefore, 
the. data presented here do not apply to fuels heavier than hardwood 
leaves, dead grass, and surface layers of pine needles. 
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SUMMARY 

Forest fire-danger rating systems, now in us(i in all forest regions 
of the United States, an^ based chiefly on measurement of wind and of 
fuel moisture. While many workcTS have investigated atmospheric 
and related elements that control fuel moisture. Tittle research has 
been done on solar radiation and it s influence on fuel moisture equilibria 
and rates of drying. With a view to contributing to the refinement of 
fire-dangtu' rating systems and application of the ratings, a study of 
solar radiation and fuel moisture was begun in the southern Ap¬ 
palachians in 1938. 

A mc'thod has been developed whereby radiation intensity can be 
determined for any sc^ason of year, hour of day, slope, and aspei^t. 
Examples are given showing the widely different radiation inhuisities 
that are to be expended under different combinations of these factors 
even though atmospheric conditions are the same. The relation of 
solar radiation intensity to surface fuel moisture equilibria and, to a 
h'sser extiuit, its relation to rates of drying have been established on the 
basis of theory and of data obtained by use of an “artificial slm’' 
apparatus, a specially constru(‘ted weather synihesiztT. This ap¬ 
paratus permits both field and laboratory obsc'rvation of moisture 
equilibria and rates of drying under various combinations of radiation, 
wind, and humidity. Formulae have been developed so that for any 
combination of air temperature, relative humidity, and wind velocity, 
(‘quilibrium moisture content of forest litl(*r can be derived for any 
si*ason, slope, and aspect.. These formulae can be used universally, 
provided radiation intensities an* adjusted for latitude. 

The influence of wind on fuel drying is emphasized. In bright 
sunlight, contrary to popidar belief, wind maintains levels of fuel 
moistun*. higher than those in calm air. The reason is that for fuels 
in the sun the wind^s cooling action more than offsets its drying action. 
This is important in some regions where fuels are fully exposed to 
sunlight during the fire season. 

Fuel moisture equilibrium maps are presented showing variations 
with season, aspect, and slope that result from variations in radiation 
intensity alone. A tabh* is presented showing difference's in chying 
rates caused by differences in radiation. 
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A PRIMARY CAUSE OF DARKENING IN BOILED POTATOES 
AS REVEALED BY GREENHOUSE CULTURES' 

By W. Pi. Tottingham, aasociaie professor of biochemistryy Rudolph Nagy, 
A. P^KANK Rosa, .Iekry W. Marek, and Carl O. (Jlagett, research assistants 
in hiochemistrify Wisconsin Agricultural Experiment Station 

INTRODUCTION 

Potatoes that darken after boiling have become incre>asingly prev¬ 
alent in Wisconsin in recent years. When blackening in boiled 
potatoes (SolanU7n tuberosum) first became the subject of stud^ in the 
fall of 1932 it was thought that some deficiency in soil minerals might 
be involved, and that this (Itdicieiiey was probably linked with climatic 
influenc('s upon both the soil and the plant. Accordingly, a summary 
of average weather conditions representative of northern (Antigo), 
central (Hancock), and southern (Madison) Wisconsin for the greater 
part of the preceding 5-year growing seasons was assembled. Table 
1 shows the departures from the normal temperature and precipitation 
for each of these periods. From these data it is apparent that the 
growing siaison for the 3 years 1930 32 was subject to high temperature 
while the rainfall was generally deficient in all but the southern 
area. The rt‘Cords for August and September as relatcal to periods of 
active tubeiization are prescaittal in table 2. The records for August 
show uniformly unfavorable departures from normal in 1930, with 
Hancock subject to drought in 1931 and Antigo to heat in 1932. The 
records for September show that this month was excessively dry in 
Hancock in 1930, excessively hot and wet in all areas in 1931, and 
droughty in all areas in 1932. Tlic last-named year was the begin¬ 
ning of an era characterized by hot, dry summers which extended 
through 1939. During this period the discoloration of potatoes after 
boiling was more evident than before. 

Table 1. —Departures from the normal temverpture and precipitation for the growing 
seasons 1928-3’^^ as shown by the monthly averages, June to August, inclusive, at 
stations representative of northern (Antigo), central (Hancock), and southern 
(Madison) Wisconsin 


Year 

Antigo 

Han(H)ck | 

M adison 

Tempera- j 
Qture j 

Precipita¬ 

tion 

1 

i Tenti)or- 
ature 

Precipita¬ 

tion 

Temiier- 

ature 

Preciyiita- 

tion 


°F. 

/neftfs 


Inches 


Inchen 

1928 .. 

-1.0 

! +2.13 

-2.2 

+1.34 

-1.5 

+0.9 

1929 . 

-.6 

-.12 

-2.0 

+.59 

-1.6 

+.8 

1930.. .. 

+2.4 

-.39 

+• 7 

-.51 

+1.3 

-.1 

1931_ 

+3.2 

-1.16 

+3.0 

-.66 

.f3.0 

+.2 

1932. 

+2.7 

-1,71 

+2.6 

-.59 

+2.1 1 

0 


* Received for publication September 1, 1942. Contribution from the Department of Biochemistry, 
College of Agriculture, University of Wisconsin. 
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Table 2. —Departures from normal temperature and precipitation for periods of 
tuberizatiori at stations representative of northern {Antigo), central (Hancock), and 
southern {Madison) Wisconsin, 19$8- S2 



Antigo 

Hancock 

Madison 

Y'ear and month 

Temper¬ 

ature 

Precipi¬ 

tation 

Temper¬ 

ature 

Precipi¬ 

tation 

Temper¬ 

ature 

Precipi¬ 

tation 


F. 

Inches 

F. 

Inches 

F. 

Inches 

1928: 






Aug..-. 

-f.1.9 

+.3.62 

+0.6 

+2.78 

+0.4 

+1.6 

Sept.... 

-3.K 

+2.73 

-4.6 

+1.07 

-3.4 

-1.94 

1929: 







Aug--..! 

+■ 1 

-.83 

-2.0 

-1.11 

+1.3 

-2.3 

Sept.-.. 

+1.7 

-.96 

-1.6 

-1.12 

-1.8 

-.66 

XvoU* 

Aug--.. 

+3.5 

-2.26 

+1.6 

-2.39 

+2.7 

-l.f) 

Sept. 

+1.4 

-.46 

+.4 

-2.62 

+1.4 

+1.07 

1931: 






Aug. 

+.2 

-.le 

+. 4 

-.99 

+1.0 

+2.0 

Sept. 

+6.6 

+1.82 

+4.9 

+2.96 

+6.0 

+3. 16 

1932: 






Aug. 

+3.4 

-.76 

+1.3 

+.32 

+1.4 

— 

Sept.-. 

-.7 

-1.6G 

-1.1 

-1.66 

-.5 

-3.64 


GENERAL PROCEDURE 


The greenhouse experiments described in the pr(‘S(‘nt pap(*r w(*re 
undertaken to supplement, observations on the prevalcuice of tuber 
discoloration in relation to climatic and fertility variations in tlie 
field. 

The usual procedure was to break the dormancy of tlu' tubers by 
heat treatment. This was done usually in December and tuber 
cuttings were planted in flats of pure quartz sand. Unless specifi(*d 
otherwise, the seed stock was obtained as free from disease as possible 
by the aid of associates engaged in its certification.^ As soon as 
sprouting was general the plants were exposed to natural illumination 
and supplied with small amounts of the major nutrient elements. 
At this stage of development, and for several weeks after transplanting, 
the house was kept cool (below 60° F. at night) to stimulate vigorous 
vegetative development. Thus the plants available for transplanting 
were fairly uniform, and the major vegetative activity occurred at a 
time when increasing intensity of sunlight and length of day were 
favorable. The maturation of the crop occurred largely in April, 
while outdoor temperatures were still favorably low. During the 
early development of the crop the length of day was increased some¬ 
what by operating lamps through an electric time switch, but the 
intensity of this illumination at the general plant surface did not 
exceed 200 foot-candles. Shortening of the daylight period was ac¬ 
complished for the bed cultures by the use of canvas covers. Values 
of the solar radiation during the several culture periods, based on 
records of climatic conditions provided by the local United States 
Weather Bureau office one-half mile from the greenhouse, are given 
in table 3. 

As the work progressed the writers became aware of the need of 
storing the crop for about 1 month after harvesting before making 
the blackening test. This interval allows time for the gradual 
transformations which cause discoloration after cooking. It was also 


«Bor this M8lstaii«5e the writers are indebted to Professors J. O. MUward, John W. Bra 
RteUHaiL of the Departments of Horticulture, Plant Pathology, and Genetics, respectively. 
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found that halved tubers boiled in the skins should be peeled before 
grayness was determined in order to allow lateral diffusion of light 
into the tissue and prevent its absorption. Therefore, all of the 
boiling records obtained from longitudinal halves of tubers, which 
antedated the autumn of 1939, have been adjusted in accordance 
with this finding. 


’Fabi^e 3. — Values of outdoor solar radiation during the several culture periods in 
the greenhouse bed and in pots 


i 


Oreenhousc bod 

1 Pots 

Yc'^r 

Pcriofl 

Total 
solar radi- 

Prot»or- 

ProiK)rtion 
of the Juno- 

Total 
solar radi- 

Propor¬ 
tion of 
normal 

Proportion 
of the June- 



ntion |H‘r 
cm.- 

normal 

August 

normal 

at ion por 
cm,^ 

August 

normal 


1 

('rain 



Gram 





cnlorien : 

Percent 

Perc( nf 

calorie.^ 

Pircent 

Percent 

1934 . - 

Feb. 1-Mfiy 14 

3.'). 189 

104 

77 


... 

193,’i. 

Mur, l.'i-Juru* If) 

:«>.092 

92 j 

79 




]93(» _ . .. 

|Jan. 1.'>-Apr. I.*) 

IlM'b. J-Apr. 20 

Jan. 0-Apr. 2(i 

26. 188 j 

106 

57 

24, t’)6() 
29,349 

10.5 

104 

.64 

61 

1937 ... 

1938 . 

29,349 

104 

61 

(Jan. 1-Apr. If) 

2:<,639 

88 

52 

19,831 

90 

' 43 ’ 

H\'b. 1-Apr. I.*) 



1939 . 

Jail. 10-Apr. 20 




27,110 

.103 








No particular refinement was applied to the boiling procedure, for 
it was obs(n-ved that the proportion of water used, its hardness, and 
th(‘ time of boiling had little influence on the final discoloration. 
The samples were removed before they showed any tendency to 
disintegrates and full discoloration occurred in the process of cooling. 
Ten tubers selected at random in one test were* found to give repro- 
elucible results, but a later trial has indicated that a larger sample 
may be necessary for full reliability of the boiling record. The 
cooked samples were observed against a background of ordinary filter 
paper under northern skylight and the discoloration is expressed as 
light gray and medium gray. It was impracticable to compare the 
grayness of the mashed tissue with photometric standards, as was 
done by Bilham and associates (1),^ because the preponderant white 
particles of starch cover the darkly pigmented products.** Darkening 
after boiling is common to regions adjacent to mechanical injury or 
pathological invasion and therefore bruised or scabby potatoes have 
been excluded from the samples. 

BED PLANTINGS 

SEASON OF 1934 

A soil medium was prepared in a bed 7 inches deep by mixing 
about 1 part by weight of Miami silt loam with 4 parts of sand from 
a local deposit. From data on the composition of these soils it was 
estimated that the mixture contained not more than 0.05 percent 
nitrogen, 0.02 percent ph^osphorus, and 0.50 percent potassium, with 
70 pounds of available potassium per acre. This soil lay upon the 
clay subsoil at the bottom of the bed, so that exchanges of water and 
nutrients b etween the two were possible. No fertilizer was applied 

! In parentheses refer to Literature Cited, p, 193. 

’This explanation was suggested by Edward E. Miller* formerly research assistant, Department of 
Physics, University of Wisconsin. 
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but a differential of water supply in parts of the bed was established 
during the last month of culture. 

In the 1934 test two discoloring seed stocks of Rural New Yorker 
were compared with a normal one. One of the abnormal stocks had 
turned quite dark after cooking and the other was classified as 
'Veak.” The latter had internal browning and, on cooking turned a 
bluish black. Sprouts emerged from the normal stock much later 
than from the abnormal ones and the stems of the latter were some¬ 
what spindling. No artificial illumination was applied to this crop. 

The yields wore substantial from the abnormal stocks but low from 
the normal one, wnth general benefit from irrigation. As the boiling 
test was made soon aft(T the crop was dug, the significance of the 
result is questionable. All the samples rated acceptably white as of 
that time. 

SEASON OF 1935 

In the 1935 test emphasis was placed upon deficiencj^^ of potassium 
in association with drought. The residual soil of the previous season 
was treated with a general fertilizer about the equivalent to 1,200 
pounds to th(^ acre of 3-10-20, in the complete form, which provided 
a liberal supply of potassium. On one-half the area the added 
potassium was decreased 90 percent by replacing potassium sulfate 
with its equivalent of sodium sulfate. Nitrogen was supplied in 
ammonium sulfate and phosphorus in dicalcium phosphate. The 
general plan of treatment was as follows: 

Low K supply _ _ High K su])_ply_ 

Droughty Irrigated 15roughty Irrigatt'd 

Five hills of the following set^l stocks were planted in each section: 
Irish Cobbler, Green Mountain, Katahdin, certified Rural New 
Yorker, and a stock of Rural New Yorker selected by test as dark¬ 
ening after boiling. The size of bed permitted planting distances of 
1.5 feet between rows and 1.0 foot between hills. Tliis density of 
stand appeared to be justified by the limiting light intensity of the 
culture period. Plants from the abnormal Rural New Yorker seed 
stock appeared about 3 weeks later than those from the other stocks. 
Restriction of water supply on the designated areas was begun about 
a month before harvesting. 

The yields, on the basis of 3-foot spacing between hills and rows, 
ranged approximately from 16 to 160 bushels per acre. Low supplies 
of both water and potassium produced tubers with peaked ends, but 
this effect was noticeable also where the potassium supply was 
restricted and the water supply liberal. Slenderness of potuto('s in 
relation to potassium deficiency has been observed by Martin et al. 
(.4). The crop was stored at 50° to 60° F. for 1 month before it was 
tested for color after boiling. Light grayness was confined to tubers 
produced by the Green Mountain and normal Rural New Yorker 
stocks in the droughty area on the low-potassium treatment. No 
correlation was found between grayness and shape of tuber. The 
crop from discoloiing seed stock was free from grayness. 

SEASON OF 1986 

Differentials of water and potassium similar to those of 1935 were 
supplied. Since there was an accumulation of potassium in the low 
potassium areas the used soil was replaced by a mixture similar 
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to that used in 1935. This contained 125 and 75 pounds, respectively, 
of available K and P per acre, and had a pH value of 7.0. Its water- 
holding capacity was 27 percent. The application of complete 
fertilizer was equivalent to 1,200 pounds of 4- 10 12 per acre, with 
60 percent of the nitrogen in oi*ganic form. There was one-half as 
much available potassium in the control plot and no use was made of 
sodium as a substitute. After mid-March water was withheld from 
parts of the bed, and on April 0 the soil of the droughty and irrigated 
sections contained 2.1 and 8.0 percent (diy-weight basis), respectively; 
these values correspond to about 8 and 30 percent of saturation. 

The potatoes were stored at 50° to 60° F. for about 1 month before 
boiling. The only samples that discolored were of tlie Burbank 
variety produced on tlie low-potassium areas, both under inigatioii 
and exposed to drought. The range in yield was the same as in 1935. 
No correlation was noted between yield and degree of darkening after 
cooking; that is, there was no evidence of depletion of nutrients by 
high yields attended by tuber discoloration. 

SEASON OF 1937 

The primary purpose of the 1937 planting was to test the capacity 
of certain rarer mineral elements to pr*event discoloration of potatoes 
pr-oduced with a r-elatively low supply of potassium. Burbank stock, 
which had been prxrpagated at. Hancock from high-grade seed stock 
obtained fr^orn Idaho in 1935, was used. 

The residual soils in the Ired sections now contained 125 to 150 
pounds of available phosphoms per acr’e. Adjustments of the 
potassium content wer'o made to give 150 pounds per acre in two of the 
sections and 275 ])ounds in the others. The pH was about 7.8 and 
the nitr-ate content was low. Two weeks after transplanting with 
seed pieces attaclied, two si'ctions at each level of potassium supply 
were given an application of liydrated manganous chloride and boric 
acid at rates of 20 and 10 pounds per acre, respectively. Ammonium 
salt was applied from time to time until it I’eached a total of 80 pounds 
per acre. Shor-tening of the day was begun March 1 and 3 weeks later 
tlierc was some fading of crown leaves, although tip growth was 
vigorous. This efl'ect was especially noticeable on the low-potassium 
areas and may have resulted from subnormal utilization of nitrogen. 

The crop yield was as higli as 250 bushels per acre. The tubers 
were stored for about a inotrlh at 60° F. before they were tested, and 
niany of the mature ones liad previously been exposed to relatively 
high temperatures in the bed. Because of these conditions it was 
believed that the cooking test would give significant results. The 
results are shown in table 4. 

It is worthy of note that tubers of the Burbank variety from all 
cultur*al treatments discolored when boiled while all tubers of the 
Chippewa variety cooked white. The Irish Cobbler discolored more 
generally than the Rural New Yorker, and developed on the low- 
potassium supply supplemented by rarer elements the localized 
intensity of discoloration in tlie stem end or cortical region which is 
characteristic of the most serioudy affected potatoes. This experi¬ 
ment gives no consistent indication of cause and effect between fertflizer 
treatments and posteookiiig pigmentation of the susceptible varieties. 
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Table 4. —Effect of a low supply of potassium with rarer elements added on yields 
and on discoloration of potatoes grown in a greenhouse bed, 1937, and effect of heat 
and drought with rarer elements limited or amph^ 1938 

SEASON OF 1937 


Variety 


Burbank 


Chippewa. 


Irish Cobbler 


Rural New Yorker. 



SEASON OF 1938 


Chippewa.; Restricted late 

i 

Irish Cobbler.1. ., do .. . 

Rural New Yorker.. . .do. 

Triumph.j_do. 


Soil heating 
during 
tulierization 

Boron, copper, manga¬ 
nese, and zijic 

(.applied. 

(None. 

J Applied.-. 

[None. 

1 Applied. 

[None. 

(Applied . 

(Limited . 

\Ample. 

/Limited. 

\ Ample. 

1 Limited. 

1 Ample.-. 

(Limited. 

(Ample... 

/Limited. 

(Ample.. 

/Limited... 

(Ample.. 

l/Llmited... 

(Ample.. . . 

/Limited__ _ 

INone_ 

(Ample.. 



220 

49 

172 

171 

193 

m 

131 

167 

21 

37 

16 

36 

64 

119 

22 

58 


W 

W 

w 

w 

LO 

W 

LG 

LG 

W 

LG 

W 

W 

W 

W 

W 

LG 


»W “White; LG «light gray; MO “medium gray. 


SEASON OP 1938 

In view of the failure to induce darkening after cooking consistently 
by fertility deficiencies and drought in the bed cultures of previous 
years, attention was directed in 1938 to another climatic factor, 
heat. An electric heating cable was installed ® in one-half of the bed 
at a depth of about 3 inches from the surface of the soil. The unit 
was so distributed as to fall between hills in the rows, its operation 
being controlled by the combined use of a time switch on the electric 
service and a thermostat with its expansion element buried in the soil. 

An examination of the residual soil showed that the soil reaction was 
imiform (pH 7.5) throughout the bed sections, as was also the dis¬ 
tribution of ammoniacal nitrogen (5 pounds per acre). Dicalcium 
phosphate and sodium nitrate were added in quantities to give 
uniform values of 50 pounds per acre of nitrate and 85 pounds per 


< Courtesies extended by representatives of the General Eelectric Oo. in connection with the installation 
are i^preoiatively acknowledged. 
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acre of available phosphorus. The supply of available K was brought 
to 125 pounds per acre by the addition of potassium sulphate. It 
was assumed that the sections treated with manganese and boron in 
1937 would retain suHicient residues of these* elements; applications 
of .5 pounds per acre each of the hydrated sulfates of copper and 
zinc were added to these sections. Several weeks after planting, an 
additional 50 pounds per acre*, of ammonium salt was applied to all 
sections. The seeel pieces we^e* cut to appreiximate a 1-inch cube 
about each eye. When transplanted to the* bed the Rural New 
Yeirker had a ve*ry poorly develope*d root systc'in. 

The* he*ate*r was put into operation from 8 a. m. to 4 p. m. on April 1, 
whe*n the use of the lamps feir controlling lt*ngth of day was discon- 
timu*d. The* use of the* heat.e*r was limite*d to 2 wee*ks bcK'ause of 
the rapiel maturity of the plant tops. Oji days whe*n the outdoor 
radiatioTj was about one-half to twe)-thirels nonnal the te*mpe*raturc 
ditfereutial be*twee*n heated anel unlu*ate*d portions of the bed 3 
inches be*le)w the surface* was about 7® F. at midday, or an inteu’val 
of 86° to 79° F. Immediate‘ly afte*r the lie*ater was turne*d on the soil 
of the entire bed became* elry. Determinatiems on April 9 showe*el 
the water contt*nt in the he*at(*d portiem of the bed to be 2.4 percent 
whe*re* boron, copper, managne^se, and zinc were limite'd anel 2.6 
percent wheu’c these* (dements were ample; in the part of the bed where 
heat was not appli(*d the wate*r content was 2.7 percemt where these 
eleunents were limited and 4.9 pe*rcent whe^re they wore ample. It 
may be supposed that sheltering from direct sunlight by the southern 
end wall of the house* contribut(*(l to a greater retention of water in 
the last section. Table 3 shows that the season was unusually cloudy. 

The* boiling test was made* afte*r the tube*rs had been stored for 1 
month at about 60° F. The test showenl that heat and drought, 
operating simultaneously, and primarily on the developing tuber, hael 
no detectable influence upon darkening after cooking (tabic 4). 
However, the vines were* made somewhat independent of drought by 
the practice of frequently sprinkling the iinoccupied floor of the 
house. In this experim(*nt Irish Cobble^r was most generally subject 
to discoloration while Chippewa remained white throughout the 
tests. There is no evidence that the application of rarer elements 
was beneficial so far as whiteness of the cooked tubers was concerned, 

POT CULTURES 

Pot culture was adopted primarily for the purpose of isolating 
the plants from mfluences of the subsoil in the greenihouse bed. The 
containers most frequently used were galvanized-iron boxes, 1 foot 
square and 8 inches deep, adapted to the use of 50 pounds of sand. 
To protect against contamination, the inside of the boxes was coated 
with paraffin. Ottawa silica sand, screened to 30-40 mesh and 
analyzing about 99.5 percent Si 02 , served as the culture medium. 

In terms of commercial fertilizer, the regular nutrient mixture sup¬ 
plied approximated 1,000 pounds per acre of a formula which ranged 
from 6.5-15-15 in 1936 to 2-18-23 in 1938. Appropriate amounts of 
the minor nutrient elements were added in various combinations to 
some cultures. The proportions of salts used are shown in table 5, 
and the variations in the supply of potassium and boron are given in 
the text. An application of 1.0 gm. per pot approximates the cquiv- 
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Table 5.— Nutrient applications to pot cultures ^ 


Salt applicMi 

19:16 

1937 

1938 

1939 

Dicalcium phosphate, hydrated.. 

Gram 

5.0 

Gram 

6.0 

Oram 

5.0 

Gram 

5.0 

MaBnesium nitrate, hydrated__-. 

5.0 

3.0 

3.0 

3.0 

Potassium sulfate____ 

4.0 

4.0 

5.0 

4.0 

Ammonium sulfate... 

2 .S.O 

2.4 

1.0 

1.4 

Ferric citrate..... . 

.3 

.3 

.3 

.3 

Manjjanous sulfate, hydrated , . -... 

.03 

.025 

. 025 

.025 

Boric acid ... 

8 * . OOOf) 

.0005 

.030 

.030 

Coppi^r sulfate, hydrated -- 

<.0003 

.005 

.030 

.006 

Zinc sulfate, hydrated.—... 

* .0003 

None 

.015 

. 005 


1 Seo text for departures from normal. 

2 Animouium chloride used instead of ammonium sulfate. 

8 Borax used instead of Iwric acid. 

* Estimated amount. 

alent of 100 pounds per acre, on the area basis. Phosphorus and iron 
carriers were added before transplanting: and the rarer mineral (de¬ 
ments and part of the magnesium salt were added immediately after 
transplanting. The remainder of the major elements were added as 
the plants developed. With the shift of proportions between calcium 
and magnesium salts the proportion between molecular equivalents of 
calcium and magnesium oxides was increased from about 2.0:1.0 to 
3.5:1.0. 

The water content of the soil was controlled by weighing the con¬ 
tainers and contents when watering appeared necessary. In this v^ay 
wide differences were maintained in the water content of different 
cultures. The plants in the pot experiments were subjected to the 
same use of artificial illumination as thost^ in the beds, but they were 
not covered for shortening the day length as maturation approached. 

SEASON OF 1936 

In the 1936 experiments the salt applications were varied to provide 
different levels of potassium carriers (2, 4, and 6 gm.), and these were 
associated with similar variations in the accompanying sulfm* supply. 
A separate group of cultures of Rural New Yorker received liberal 
proportions of calcium with the liighest level of potassium. The cal¬ 
cium was supplied in two forms, one (hydrated calcium sulfate, 6.8 
gm. per pot) to provide for mass effects in its proportion to potassium 
and other elements and the oth(^r (calcium carbonate, 8.0 gm. per pot) 
to simulate the condition of reduced availability of other mineral ele¬ 
ments brought about by change of reaction in the liming of soil. The 
pH of the cultme mediimi, as determined during the late vegetative 
activity of the plants, seemed too little influenced by the form of 
calcium supplied to be an important factor in the availability of min¬ 
eral elements. Leachings of the medium to which calcium carbonate 
was added had a pH of 6.3, and those from the cultures supplied cal¬ 
cium sulfate had a pH of 5.9, as determined by the colorimetric method. 

One month after transplanting marked differences were apparent 
in the development of the tops of different plants and between some 
treatments of the Rural New Yorker. The plants not given the extra 
application of calcium salts had rather slender stems, those receiving 
calcium sulfate were short and much branched, while those receiving 
calcium carbonate were both tall and rugged. Terminal bu(ls of 
plants in the group treated with calcium sultate showed desiccation 
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and fading in a maiim^r indicative of toxicity from excess calcium. 
By the middle of March yc'.llowing of the basal leaves in many cul¬ 
tures had become conspicuous, but this effect showed no correlation 
with low suppli(^8 of potassium. The addition of the third gram of 
nitrogen carrier at that time was followed by partial recovery. 

By April the leaves of the low-potassium cultures of Rural New 
Yorker showed a tendency to roll, but the severity of the leaf roll 
decreased as the supply of potassium increased (fig. 1). Although 
the effects of potassium deficiency were less severe on Triumph than 
on Rural New Yorker, the former variety suffered some bleaching of 



Fioure 1.—Plants of the Rural New Yorker variety of potato, grown at difTercut 
levels of potassium supply, showing symptoms of boron deficiency: 200 

pounds; /i, 400 pounds; C, 600 pounds of K 2 SO 4 i^er acre, 1936. 


the lower leaves. This latter effect was prominent in the Chippewa 
variety, which developed the least rolling of leaves. The symptoms 
produced on the leaves in this experiment closely resemble those found 
by Jones and Brown (5, y. 128^ yl. 5 B) and others to be caused by a 
deficiency of boron. If so produced, they must represent a relatively 
mild deficiency, as death of the main stem tips and regeneration from 
lower branches, which will later be shown to attend an extreme lack 
of boron, were not observed. Only a limited application of boi*on 
was made directly (approximately 0.0002 pound per acre), and any 
additional supplies were provided by water, sand, and incidental 
sources. According to the findings of Carson,® the total boron added 
per culture in such indirect ways may have been at least as much as 
0.0006 pound per acre. Tlie improvement in appearance of leaves as 
the application of potassium was increased might have been due to 

,« Carson, R. B. an invbstioation op boron m relation to potato discoloration. (Unpublished 
this is filed In the University of Wisconsin library.) 1939. 
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contamination of its salt with boron. Analysis of the writers’ stock 
K2SO4 showed a content of 6.7 p. p. m. of boron, which would give a 
boron equivalent of 0.0034 pound per acre for the greatest application 
of this salt. This is about four times tlie amount accounted for 
above. 

The crop was harvested on April 26 and tested May 8, which was 
probably too soon for the development of the post-harvest changes 
involved in tlie full expression of discoloration after boiling. The 
yields ranged from 320 to 635 gm. per pot, equivalent to 170 to 340 
bushels per acre on the hill basis for clay loam. With the exception 
of the Rural New Yorker cultures to which calcium carbonate was 
supplied, none of the samples darkened appreciably after cooking, and 
even the Rural New Yorker would not have appeared discolored after 
peeling, as was subsequently discovered. 

SEASON OP 1937 

In the 1937 experiments emphasis was placed primarily on variation 
in the combination of the rarer mineral elements, superimposed u])on a 
low (2.0 gm.) supply of potassium carrier. The combinations of the 
mineral nutrients are shown in table 6. 


Table 6.— Effect of variovs combinations of the rarer elements with a low supply 
of potassium on discoloration of potatoes grown in pots of sand or soil in the green¬ 
house, 1937 


Variety 

Culture medium 

Potassium 

supply 

Rarer (dements addoci < 

Chippe.wa. 


[Low.. 

Boron and manganese... 
Boron and csopper 
Copi)erand raanganoso . 
Boron, copi)er, manga- 




None_ -.. 



Medium 

_do.-. 

Rural New Yorker. 

.do. 

Low. 

Boron and manganese.. 

Boron and copper_ 

Copper and manganese.. 
Boron, copper, manga¬ 
nese. 

None.. 



.Medium .. 

_do. . 

Burbank. 

Antigo clay loam.. 


—do. 

Boron. 


Mangane.9e.. 







Boron anti manganese.... 
[None . .... 


Plainfield sandy 
loam. 


Boron.,... 

XI, loti « 


Manganese.. 

Boron and manganese... 


iVeight of 
fri‘sh tu¬ 
bers * 

IJolliijg 
record» 

Orarm 


m 

W, W. 

341 

W, L(L 

118 

W, W. 

337 

W, W. 

110 

W, W. 

02 

W, W. 

441 

MG, W, W. 

m 

LG, W, W. 

172 

W, W, W. 

354 

W, LG, LG. 

140 

W, W. 

117 

LG, MG, W. 

571 

W, W. 

551 

W, W.< 

580 

W, W. 

497 

W, W.4 

387 

W, W.< 

317 

W.LQ. 

365 

W, W.< 

315 

W,W.« 


J On Antigo clay loam and Plaindeld sandy loam rare elements were applied with common nutrients. 

* Total of duplicate cultures. 

* Record of individual cultures: W—white; LGh=light gray; MO=mediura gray. 

* Smallest tubers boiled light gray. 


Soils from the northern and central (sandy) potato-producing areas 
were also planted to the Irish Cobbler and Burbank varieties respec¬ 
tively. The former had cooked white but was uncertified; the latter 
has been described in connection with the bed culture of 1937. Each 
of these soil cultures received 1.0 gm. of ammonium sulfate and 
monocalcium phosphate, 2.0 gm. of potassium sulfate, and either 
0.5 gm. of hydrated manganous sulfate or O.l gm. of boric acid, or 
both. 
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Drying of the stem tips occurred in both varieties on sand, in asso¬ 
ciation with lack of boron. There was also, as in the results of the 
previous year, a protective effect where potassium was liberally sup¬ 
plied to Rural New Yorker, as shown in figure. 2. This effect might 
again be ascribed to an increase in boron. With the Chippewa there 
was serious bleaching of the main stem tips but relatively vigorous 
basal replacement growth. Both varieties d(‘veloped essentially 



Figure 2 ,—Plants of the Rural New Yorker variety of potato, given a liberal 
supply of potassium, showing the protective effect of boron: A, 400 pounds of 
K 2 SO 4 pel acre; B, 200 pounds of K 2 SO 4 per acre; C, 200 pounds of KoSOj plus 
B and Mn per acre. 1937. 

normally on the low level of potassium supplemented by (‘ither boron 
and copper or boron and manganese. 

The yields of the sand cultures show clearly the significance of boron 
in relation to the weight of tubers produced. As the boiling test was 
made about 4 weeks after harvesting, the results should have signifi¬ 
cance. The Chip^wa variety was practically free of darkening after 
cooking while the Rural New Yorker was rather generally subject to 
this abnonnality^. The irregularity of discoloration of the Rural New 
Yorker variety m some treatments suggests variation in the character 
of the mother tuber as a possible cause. This seems a more probable 
cause of the irregularity than differences in the culture medium from 
pot to pot. Unless a questionable emphasis is placed upon the gray¬ 
ness of very small tubers, the soil cultures could be considered rela¬ 
tively free from discoloration. 

SEASON OF 1938 

In 1938 some of the plants were raised in glazed earthenware crocks 
holding 33 pounds of the silica sand. Vaiious combinations of the 
rarer mineral elements were supplied as supplements to a lower level 
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(3 gm. of salt) of potassium as shown iii table 7. A variation in iron 
supply was introduced by adding 7.5 times the usual amount of car¬ 
rier with the fullest complement of rarer elements on the lower level 
of potassium. In the box cultures boric acid was applied in equiva¬ 
lents of 0.03, 0.3, and 3.0 pounds per acre, on each level of potassium. 


Table 7. —Yield and boiling records of potatoes produced with different combina¬ 
tions of the rarer elements and with different proportions between potassiinn and 
boron in greenhouse cultures^ 1938 


POT CITLTXIKE, ALL ON LOW POTASSIUM SUPPLY 


Variety 


Kare element added 


Irish Cobbler. 


'Manganese, copper, zinc- _ 

Manganese, boron, zinc_ .... 

Manganese, boron, copper. 

Manganese, boron, copper, zinc _ 

Boron, copper, zinc... 

Manganese, boron, copper, zinc, high iron 
J Manganese, copper, zinc.. 


Rural New Yorker... 


Manganese*, boron, zinc... . . 
Manganese, boron,copper ... . 
Manganese, boron, copper, zinc 


Boron, copper, zinc.. .. 

Manganese, boron, copper, zinc, high iron. 


Weight 
of fresh 
tubers > 

Boiling 
record * 

Orarns 


112 

197 

/W, W 

170 

W, W 

166 

fW, W 
(sp 

193 

fW, w 

172 

M, w 

31 i 

fT.O, LG 
IS1», 

64 

jW. LG 
USP 

36 

LG, W 


iLG, W 

»30 

n- 

isp 

3 46 

TvG 

. - — 

' -- 


BOX CULTURE AT DIFEERENT K AND B LEVELS 



Level of K supply 

Level of B supi'ly 





ILow'. 

247 

W. W 


Low.. 

tMedium . 

202 

w. w 

Chippewa. 


[High. 

(Low. 

2f}4 

168 

w. vv 
w, 


High .. ..... 

{Medium . 

160 

w. w 


llligh . 

174 

w. w 


fLow. ... .. 

Low. 

36 

fSI* 
iw w 


Medium .. 

102 

w! w 

Rural New Yorker... 


High. . .. 

(Low. . 

71 

3 17 j 
63 

W. LG 

LG 


High.. 

Medium.. 

/LG, LG 
\SP sp 







High.. , . 



’ Sum of duplicate cultures except as noted. 

2 Record of individual cultures: W» white; LG*lighr gray; SP*spraing extensive ; sp*»spraing limited. 
5 No tubers in 1 culture. 


To minimize mineral contribution by the seed pieces, these were 
cut in the form of about 1-inch cubes. Transplanting of the Rural 
New Yorker stock was delayed 10 days because it was found deficient 
in root development. Although, like the other varieties, it was cer¬ 
tified seed stock, its behavior in sprouting suggested that it was not 
normal. 

Disturbances in vegetative development, which were first observed 
oU March 20, were consistently related to cultural treatment. The 
pot cultures which received no boron showed withering and darkening 
of the tips of main stems and the leaves adjacent. Five days later 
thC; crown leaves were fading perceptibly, especially on the 
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Chippowa plants. This checking effect upon growth was followed by 
accelerated grow'th of the basal branches, which became conspicuous 
by March 30. In other cultures on the same level of potassium sup¬ 
ply, marginal '‘burning’* of leaves was associated with an application 
of only 3 pounds of boric acid per acre. Cultures not supplied zinc 
developed clusters of undersized youngest leaves in the Kural New 
Yorker variety, but this abnormality was not apparent in the Irish 
Cobbler. The high application of iron carrier was associated with 
abnormal upper leaves in the Rural New Yorker, these leaves being 
somewhat faded, brown at the margins, and rather stiff*. 

No anatomical abnormality of the conducting system, such as 
occurs in root nodules of leguminous species deprived of boron ('^’), was 
found in discoloring tubers.’ 

The Rural New Yorker produced small tops in the sajul cultures in 
association with initial weakness of roots. On the used soils, replen¬ 
ished in major nutrients, they w(‘re thrifty but produced very small 
tubers. 

The records of these crops are assembled in table 7. The potatoes 
stood for 1 mouth in an unrefrigerated storage room before they were 
boiled. The Irish Cobbler cooked a normal white, but in the raw 
stat(i suffered from a form of intt^rnal brown spotting known as 
"spraing,” or internal rust spot. The Rural New Yorker discolored 
more giuierally after cooking and was more subject to spraing. In 
both varieties the association of spraing with the boronfree mixture of 
nutrients was somewhat conspicuous. The high plane of iron salt in 
some of the cultures does not seem to have affected either the yield or 
the discoloration of tubers. 

Tlu're was no discoloration of tubers of the Chippow^a variety growni 
in boxes with diffenuit combinations of potassium and boron. On the 
other hand, several of the Rm*al New Yorker cultures in this series 
produc(‘d discoloring tubers, although without consistent relation to 
nutritional treatments. This variety also developed spraing, but 
again without any apparent relation to the nutrient supplied. There 
seems to be some correlation botw-een soil-moisture content and the 
appearance of tliis form of internal browning. After March 20 the 
level of moistui*e at w^ateriiig w-as decreased from 12 to 5 percent of the 
weight of dry sand, or essentially from 50 to 20 percent of saturation. 
Later the house became hot and the cultures lost water rapidly. 
These were desirable circumstances, as they closely simulate the 
weather conditions that aggravate discloration of the field crop after 
cooking. The water cont(;nt of the sand in some of the crocks w^as 
found to be less than 3.0 percent. The severity of spraing developed 
in the Rural New Yorker variety under these conditions is shown in 
figure 3. It should be recognized that the driest cultures probably 
suffered the greatest elevation of temperature. This factor might 
either act independently or aggravate the effects of drought. From 
the irregularity of distribution of both darkening after boiling and 
spraing, it seems likely that extremes of drought and heat in some 
cultures contributed to these abnormalities. However, as suggested 
for previous crops, it is advisable to recognize pecuharities of the 
mother tuber as a possible factor in these responses. 


^ Examination was made by Elaine Tottlngham under the direction of Prof. Emma L, Fisk of the 
Department of Botany. 
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SEASON OF 1939 

The 1989 studies were devoted primarily to the role of seed stock in 
discoloration after cooking. It is not to be assumed that disease is tlu^ 
cause of discoloration, for in several examinations of commercial 
plantings the writers have found no association of blackening with 
symptoms either of yellow dwarf or leaf roll in the parent plant. 
Moreover, some recent results indicate that poor fertility of the soil 
and unfavorable weather conditions can induce postcooking discolora¬ 
tion of tubers from Kural New Yorker stock that is apparently nornral. 

Cultures in the iron boxes were exposed to lu^at when the develop¬ 
ment of the tubers was well under way. This was done by placing 
th(i boxes over the heating cable previously used in the bed planting. 
The maximum variation between heated and control cultures at mid¬ 
day in early April ranged from alx)ut 31® to 28° C. (88° to 73° F.), or 



Ficujre 3.—Potatoes of the Rural New Yorker variety, grown in sand in which 
the moisture content fell below 3.0 percent, showing development of ^‘spraing/^ 
or internal browning, 1938. 


an interval of 8° C. (15° F.). By way of furnishing more favorable 
conditions for tuber development, cylindrical iron pots holding 63 
pounds of sand were substituted for the smaller iron boxes in some of 
the experiments. Like the metal boxes these were coated on the 
inside with paraffin. 

For the high-potassium level the fertilizer application in box 
cultures was equivalent to about 1,000 pounds of 3-20-23 per acre in 
field practice. One-half as much potassium was provided on the 
low level. All nutrients were increased 25 percent in the pot cultures 
commensurate with their increased size. The rarer nutrients were 
added in the amounts shown in table 5, except for the omissions of 
boron specified in table 8. These amounts appear small as compared 
with those supplied in field practio^ but since they remain fully avail¬ 
able, they should be adequate. The primary consideration was to 
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avoid toxicity resulting from an excess of these eleiiKuits. The boron 
supply was added also at levels of 0.2 and 0.02 of the normal. 

The seed stocks planted included tuber-test seh'ctions for either 
whiteness or discoloration after cooking and the presence of spraing. 
About 1 month after transplanting, the plants from discoloring seed 
stock were slender-stemmed and basally defoliated, and the crown 
leaves were small and crinkled. An examination of these plants by 
Dr. Russell Larson of the Departirumt of Plant Pathology disclosed 
no symptoms of virus disease. Moreover, short growing tests in 
flats conduct(‘d under his guidance faihnl to icvcal any such abnor¬ 
mality. About 10 weeks after planting, boron deficiency was partly 
(compensated by the addition of 2.0 mg. of boric acid per culture, to 
aid tuber production in cultuncs showing injury from its omission. 
Three days later, selected cultures wore restricted as to water supply, 
and thes(‘ formed ihv subseric^a (exposed to droughty conditions. The 
heating cable was ()])erated from April 1 to 17. By April 3 some of the 
cultures in the heatcul group showed the desiccation of main stem tips 
characteristic of boron deficiency. Records of yield and discoloration 
are giv(m in table 8. 


Tabi.e 8 . — Yields and boiling records of potatoes grown in the greenhouse at different 
heal, ntoistvre, and nutrition levels^ showing influence of the seed stock on discolora¬ 
tion and the presence of spraing, 19S9 


St‘(*d stock 


Soil 

nioiature 


Percent 


Normal: Rural New 
Yorker A. 



DiscoloriiiK; Rural New / W) 

Yorker B. I 

AlTected by spraing: I ^ 

Rural New Yorker B. [ 2o 


Maxiiimm soil 
teiniieraturo 




31 

23 

31 

23 

23 

31 

23 


31 



. .do. 

...do.— 


W'eight of I 
fresh 
tubers ’ 


Grams 

332 

300 

254 

283 

317 

269 

332 

223 

128 

104 

164 


W, W, W, LG. 

W^ W, W^ W. 

W, W, W, W. 

W^ W^ W, W. 

W, W, W, LO. 

W\ W, W, W. 

LO, LO, LG, W. 
W, W, W, W. 

W\ LO. 

LO, LO. 

/MO, LG. 

\SP. 

/MG, LO. 

\SP. 


Boiling record» 


Apparently normal: 
Rural New Yorker 1>. 


Variation in nutrients 


Potas¬ 

sium 

supply 


Low 


High. 


[None_ 

I Low_ 

1 Medium.. 


High. ... 

None. 

Low. 

Medium.. 


[High. 


Discoloring: Rural New 
Yorker B with 
spraing. 


rHighN(NH4)..--. 

Mixed N (NH 4 and NOi). 

Low P. 

k Medium P. 


53 

W, W. 

119 

W' sp, MG. 

141 

LG, MG. 

133 

LO, W. 

134 

W, W. 

104 

W, W. 

220 

W^ W. 

112 

MG, W^ 

196 

fLG, LG, LO. 

219 

198 

\sp sp. 

/LO, MO.MQ. 

1 Sp sp sp. 

/LG, L(l, MG. 

279 

\Sp sp sp. 
fW, LG, LO. 

\Sp sp. 


‘ Sum of cultures recorded In boiling record. __ 

* Record of individual cultures: W*wblte; LO»llght gray; MO-medium gray; SP»hoavy spraing 
spflight spraing. 
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An examination of the results from heat and drought (table 8) 
shows little discoloration of the crop from normal Rural New Yorker 
seed stock. The most definite off color which occurred was under the 
combination of low soil temperature and low soil moisture, with boron 
added. This latter circumstance further indicates that blackening 
of cooked tubers is not due to lack of boron. It is worthy of note 
that spraing appeared to a limited extent under the particular com¬ 
bination of cultural conditions that was most definitely associated 
with darkening after cooking (table 8). In the present state of knowl¬ 
edge {2) it may be assumed that the phenol oxidases were unduly 
active in darkening tubers, with perhaps also an increased tissue con¬ 
tent of either simpler phenolic compounds or tannins. 

The irregular occurrence of discoloration within a given cultural 
treatment (temperature—moisture and potassium—boron series, 
table 8) is suggestive of individual variation either of environmental 
conditions in the pots or of a tendency to discolor transmitted by the 
mother tuber. In view of the close control of environmental factom, 
the results seem to indicate that the condition of the tuber planted 
is a primary factor in the development of blackening after boiling. 
Discoloration was rare and apparently independent of fertilizer addi¬ 
tions in the series of crops grown from normal seed stock. On the 
other hand, crops grown from discoloring seed stock discolored in 
practically every instance. The use of nitrate in considerable quan¬ 
tities was attended with more serious discoloration than the use of 
ammonium salt only. However, in more recent work nitrogen has 
been supplied only as nitrate without resulting in the production of 
discoloring tubers. 

Since potatoes grown uqder glass differ in respect to light and other 
environmental factors from those grown in the field, the results ob¬ 
tained in these greenhouse studies may not be entirely comparable to 
results obtained under field conditions. The nature of the metabolic 
disturbances associated with the blackening of potatoes after cooking 
has been covered by earlier papers from this laboratory (7, 6, 2). 
Apparently some related significance should also be given to the con¬ 
cept of Szent-Gyorgyi {6) that disease as well as mechanical injury 
conduce to the formation of melanin. 

SUMMARY 

A series of greenhouse studies has been conducted over a period of 
years to determine the cause of darkening in potatoes after boiling. 

Different varieties of potatoes were grown on sandy soil in bed and 
pot cultures in the greenhouse during the winter and early spring. 
Different combinations of mineral nutrient elements were applied 
at different levels to the soil and to pure sand. Some of the plantings 
were subjected to differences in water content and temperature of the 
culture medium. The mature tubem produced were tested for dis¬ 
coloration after boiling, usually after unrefrigerated storage for 1 
month. 

The blackening of these crops after boiling depended most directly 
upon the record of the tubers planted. In agreement with observa¬ 
tions on commercial crops, this abnormality appeared also primarily 
as a varietal characteristic. Discoloration was common in the 
varieties Rural New Yorker and Irish Cobbler but rare in Chippewa 
aad Triumph. 
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Differences in the rates of supply of the major nutrient elements and 
of iron and boron did not affect darkening. Neither did the omission 
of rnanganese, copper, and zinc, other than as accidental constituents. 
Deficiencies of boron which brought about growth disturbances 
ranging from leaf roll to break-down of stem tips did not induce dis¬ 
coloration of boiled tubers. 

Subjecting the developing tubers to heat, drought, or a combination 
of these factors, did not cause a consistent discoloration of the cooked 
tuber. “Spraing,^’ or internal brown spotting, occurred in tubers 
subjected to less than 3.0 percent moisture in the sand, but this abnor¬ 
mality was not universally associated with blackening after boiling. 

The stocks which prodiu^ed discoloring crops were apparently free 
from the common potato dis(‘ases. However, since the tendency to 
discolor is inherited, an unrecognized virus or other disease may be 
present in such stocks. 
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expressed by 21 Thus the class iuterval increased as a function 
of the class number squared. The resulting segregation in the Fg 
and the variation of the parent plants are given in table 10. 


Table 10. —Frequency dutrihution of plants according to hydrocyanic acid content 


Cross No. 

Parents an<l 

Distribution by class interval (up|ht limit) according to hydro- Moan 
cyanic acid content in p. p. m, hydro- 



21 

84 

189 

336 

526 

756 

L()2ii 

1.344 

1,701 

acid 

2,100 content 



No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No. 

No, P. p, m. 


I Parent 1.. 

0 

3 

5 







- -- 118 

1 . 

p’arcut2 .. . 

0 

0 

0 

0 

1 

7 

1 

1 


669 


(Fa . ... - .. 

0 

0 

23 

26 

18 

4 




286 


(Parent 1. ... 

4 

4 

1 







40 

2. 

•{Parent 2. — 

0 

0 

0 

0 

5 

3 




5.30 


[Fi . . .... 

2 

6 

27 

26 

16 

7 

4 

1 


. . 296 


I Parent 1 

4 

4 

2 







50 

3. 

•{Parent2 . 

0 

0 

0 

0 

1 

7 

1 

1 


669 


(F2. 

0 

4 

9 

29 

24 

20 

4 

2 


464 


I Parent 1. ... 

4 

4 

2 







. m 

4 . . _ 

{Parent 2.. 

0 

0 

0 

0 

6 

3 

1 

. 


_ 563 


IFj. 

0 

3 

5 

18 

32 

30 

9 

2 


445 


1 Parent 1 . .. 

0 

16 

4 





_ 


.60 

T) . . .. . . - 

{Parent 2.. 

0 

0 

0 

0 

6 

3 

1 



. . 530 


IF2 . 

0 

1 

3 

9 

27 

30 

11 

4 


649 


(Parent 1 j 

0 

2 

3 

5 






. 175 

f). 

{Parent 2 .... 

0 

0 

0 

0 

6 

3 

1 



- .. .519 


IFs. ' 

0 

5 

8 

16 

24 

0 

8 

3 


. 421 


(Parent 1 

0 

4 


4 






... 190 

7. 

■^Parent 2. 

0 

0 

1 « 

0 

1 

' 2 




. , 566 


lFa_ . . . 

0 

1 

» 

27 

2r» 

16 

3 



. . 283 


(Parent 1. 

0 

4 

2 

3 

1 1 





... 186 

8. 

{Parent 2.. . 

0 

0 

0 

0 

' 6 

3 

i 



. 519 


iFa. 

0 

0 

2 

14 

15 

9 

9 



. 644 


(Parent 1 . 

0 

1 

5 

1 

3 





257 

' 

{parent 2. 

0 

u 

0 

0 

1 

2 




566 


IF2. 

0 

1 

7 

24 

32 

21 

-- 

1 


!. 436 


(Parent 1.. 

1 

4 

5 







. 101 

10. 

{Parent 2 . .. 

0 

0 

0 

0 

’ 0 

0 

2 

3 

2 

1 1.267 



0 

1 

5 

3 

10 

13 

U 

19 


4 896 


(Parent 1 .. . 

3 

4 

3 






... 

70 

11.. 

{Parent 2 . 

0 

0 

0 

0 

0 

0 

2 

’3 

2 

1 1,267 


IFj. . . - 

- 0 

8 

10 

14 

17 

15 

11 

4 

1 

. 475 


[Parent 1 ... 

10 

.% 

33 

13 

4 






Total. 

{Parent 2 . 

0 

0 

0 

0 

33 

33 

11' 

’ 8 

■' 4 

2 .1 ! ' 


IF2. 

2 

30 

108 

206 

240 

174 

80 

36 

10 

4 


The data appearing in table 10 indicate that the distribution of the 
p2 populations on the basis of their hydrocyanic acid content in 
most cases approaches the limits of both parents. In some popula¬ 
tions the distribution reaches the extremes of both parents. In 5 
of the 11 populations, the lower limit of the parent plant low in hydro¬ 
cyanic acid is not readied by the F2 distribution, while in 5 cases the 
upper limit of the high hydrocyanic acid parent was surpassed. 
Individual F2 populations show considerable variation in distribution. 
The total F2 distribution approaches the nornial curve. These data 
indicate that the level of hydro^anic acid is definitely inherited. 
It also appears from the Fi and Fg data that dominance is lacking. 
Nevertheless, the tendency for the F2 distributions to be skewed to 
the right indicates that the genes concerned do not act in strictly 
additive fashion. From both breeding observations and F2 data, 
there is evidence that more tlian a single pair of genes are involvccl in 
the production of hydrocyanic acid in Sudan grass. The exact number 
cannot be estimated from these data. • • 4 

Crosses involving parents which were low in hydrocyanic ^id 
were made to determine the effect of hybridity on the level of hydro- 
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cyanic acid in the F2. The distribution of hydrocyanic acid in parts 
per million of the parents and F2 populations of four crosses between 
parents low in hydrocyanic acid is reviewed in the histogram shown 
as figure 1. The data indicate that the hydrocyanic acid content of 



HYDROCYANIC ACID (PPM,) 


Figure 1. —Distribution of parent and F2 populations of four crosses between 
plants low in hydrocyanic acid, based on hydrocyanic acid content: A, Parent 
population; B, F2 population; C, parent population. 

the F2 plants was essentially the same as that of tlie parents. Three 
plants appeared with a hydrocyanic acid content somewhat higher 
than that of the parents, out there w^as no general tendency for the 
F2 to be higher in hydrocyanic acid than the parents. The ineiH^ased 
vigor of the F] and F2 plants was not accompanied by an increase in 
hydrocyanic acid content. The results appear to indicate that vigor 
lost on selfing may be restored by hybridization without incn‘asing 
the hydrocyanic acid content. However, further investigations in¬ 
cluding plants which are more variable in their hydrocyanic acid 
content than those used in these studies will be necessaiy before 
any generalization can be made relative to the effect of hybridi¬ 
zation on the hydrocyanic acid .content. 

SUMMARY 

The purpose of this investigation was (1) to determine the nature 
of the inheritance of the cyanogenetic glucoside durrin, (2) to develop 
strains of Sudan grass {Sorghum vulgare mr, sudanene)^ so low in this 
glucoside as to materially reduce or eliminate entirely the danger of 
poisoning to livestock, and ( 3 ) to determine the effect of various en¬ 
vironmental factors on the hydrocyanic acid content of the plant so 
that due consideration could be given them in the studies on inheri¬ 
tance and inbreeding. 

Both the Boyd method and the method of Nowosad and Mac Vicar 
were found to be sufficiently rapid, accurate, and applicable to the 
conditions imposed by the study to warrant their use in determining 
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the hydrocyanic acid content, of bulk lota and single plants of Sudan 
grass. 

The second growth of Sudan grass contained approximately twice 
as much hydrocyanic acid as the first growth. 

The hydrocyanic acid content of Sudan grass increased to some 
extent as the moisture content of the soil decreased. No variation in 
hydrocyanic acid attributable to the diurnal factor was observed, A 
highly significant positive correlation coefficient was found between 
temperature and the hydrocyanic acid content of the plants. 

The hydrocyanic acid content of the plant tissue decrc^ased as it 
became older. Meristemalic parts of the plant were significantly 
higher in their content of hydrocyanki acid than the older f>a,rts of the 
plant. Young actively glowing tillers were found to lx* uniformly 
and constantly high in hydrocyanic acid ev(»,n though oUht parts of 
the plant were well advanced in growth. The hydrocyanic acid con- 
t(»nt of plants was determined by analyzing tillers 5 to 7 inches in 
height. By using young tillers it was possible to obtain comparable 
plant material throughout most of the growing period. 

Flowering in Sudan grass was usually completed by 8 a. m. during 
bright, warm weather. The viability of the pollen was negligible 
5 hours after it w^as shed. Sudan grass grown at Madison, Wis., was 
largely self-pollinated. Approximately 7 percent of natural crossing 
was found to occur. 

The yield of forage and s(*ed produced by 20 selected inbred lines 
was determined in 1939 and 1940. The average yield of dry forage 
produced by the inbred lines in 1939 and 1940 was 82.2 and 95.2 per¬ 
cent, respectively, that of commercial Sudan grass. The average yield 
of seed produced by tin* inbred lines in 1939 and 1940 was 75.3 and 
61.8 percent, respectively, that of commercial Sudan grass. 

One hundred and seventy-five inbred lines were tested for their 
hydrocyanic acid content in 1938, 1939, and 1940. The results 
indicate that an inbred line which is high in hydrocyanic acid in any 
given year will remain relatively high from year to year, while an 
inbred which is low in hydrocyanic acid in any given year will remain 
relatively low from year to year. No positive correlation was found 
to exist between the crude protein and the hydrocyanic acid content 
of the plant. 

Vigorous strains of Sudan grass uniformly low in hydrocyanic acid 
were developed by hybridizing plants low in their content of hydro¬ 
cyanic acid. 

The hydrocyanic acid content of Sudan grass is not controlled by a 
single pair of genes. The hydrocyanic acid content of Fi plants was 
intermediate between that of the parents. F 2 populations of plants 
from crosses between parents low in hydrocyanic acid were low in 
hydrocyanic acid. F 3 populations of plants from crosses between 
parents low and high in hydrocyanic acid resulted in a distribution 
extending to the limits of the parents with no tendency to bo bimodal. 

Vigor lost by seUSng may be restored by hybridization without ac¬ 
companying increases in hydrocyanic acid in the Fi. 

647109—43-8 



210 


Journal oj Agricultural Research 
LITERATURE CITED 


Vol. 67, No. 5 


(1) Boyd, F. T., Aamodt, O. S., Bohstedt, G., tiiid Truoo, E. 

lofe. BtTDAN C.RA8R MANAGEMENT FOR CONTROL OF CYANIDE POISONING. 

Amer. Soc. Agron. Jour. 30: 569“r>82. 

(2) Francis, C. K., and Connell, W. B. 

1913. THE colorimetric method for determining hydrocyanic acid 
in plants with special reference to kafir corn. Amer. 
Chem. Soc. Jour. 35: 1624-1628. 

(3) Franzke, C. J., Puhr, L. F., and Hume, A. N. 

1939. A STUDY of sorghum with reference to the content of hcn. 
S. Dak. Agr, Expt. Sta. Tech. Bui. 1, 51 pp., illus. 

(4) Guignard, L. 

1906. LE HARICOT X ACIDE CYANHYDRIQUE (PHASEOLUS LUNATU8 L.). 

[Paris] Acad, des Sci. Compt. Rend. 142: 545 - 553. 

(5) Karper, R. E., and Connor, A. R. 

1919. NATURAL CROSS-POLLINATION IN MILO. Amer. Soc. Agroii. Jour. 

11: 257-259. 

(6) Martin, J. H., Couch, J. F., and Briese, R. R. 

1938. HYDROCYANIC ACID CONTENT OF DIFFERENT PARTS OF THE SORGHUM 

PLANT. Amer. Soc. Agron. Jour. 30: 725 -734. 

(7) Maxwell, W. 

1903. SORGHUM POISONING. Queensland Agr. Jour. 13: 59-63, 93-98, 
473-474. 

(8) Menual, P., and Dowell, C. T. 

1920. CYOGENESIS IN SUDAN GRASS; A MODIFICATION OF THE FRANCI8- 

CONNELL METHOD OP DETERMINING HYDROCYANIC ACID. JoUF. 

Agr. Res. 18: 447-450. 

(9) Mirande, M. 

1909. INFLUENCE BXERC^E PAR CERTAINBS VAPEUR8 8UR LA CYANO- 
GENkSE V^iG^TALE. PBOC^^DlO RAPIDE POUR LA RECHERCHE DES 
PLANTES X 8ICDE CYANHYDRIQUE. [Paris] Acad. des Sci. Compt. 
Rend. 149: 140-142. 

(10) Nowosad, F. S., and MacVicar, R. M. 

1940 ADAPTATION OF THE “PICRlC-AClD TEST” METHOD FOR SELECTING 
HCN-FREE LINES IN SUDAN GRASS. Sci. Agr. 20: 566-569. 

(11) Pethybridge, G. H. 

1919. IS IT POSSIBLE TO DISTINGUISH THE SEEDS OF WILD WHITE CLOVER 
... BY CHEMICAL MEANS DURING A GERMINATION TEST? 

Roy. Dublin. 8oc. Kcon. Proc. 2: 248-258. 

(12) SlEGLINGER, J. B. 

1921. CROSS-POLLINATION OF MILO IN ADJOINING ROWS. Allier. SoC. 

Agron. Jour. 13: 280-282. 

(13) Stephens, J. C., and Quinby, J. R. 

1934. ANTHBSIS, POLLINATION, AND FERTILIZATION IN SORGHUM. Jour. 
Agr. Res. 49: 123-135, Ulus. 

(14) Swanson, C. 0. 

1921. HYDROCYANIC ACID IN SUDAN GRASS AND ITS EFFECT ON CATTLE. 

Amer. Soc. Agron. Jour. 13: 33-36. 

(15) - 

1921, HYDROCYANIC ACID IN SUDAN GRABS. JoUr. Agr. ROS. 22: 125 "138. 

(16) ViEHOBVER, A., and Johns, C. 0. 

1915. ON THE DETERMINATION OF SMALL QUANTITIES OF HYDROCYANIC 
ACID. Amer. Chem. Soc. Jour. 37: 601-607. 

(17) ViNALL, H. N., and Hein, M. A. 

1937. BREEDING MISCELLANEOUS GRASSES. U. S. Dept. AgT. Yearbook 
(1937): 1066* 

(18) WiLLAMAN, J. J., and West, R. M. 

1915. NOTES ON THE HYDROCYANIC-ACID CONTENT OF SORGHUM. JoUF* 

Agr. Res. 4: 17^185, illus. 

(19) - anti West, R. M. 

1916. effect of climatic factors on the HYDROCYANIC-ACID CONTENT 

OF SORGHUM. Jout. AgT. Res. 6: 261-272. 

(20) Williams, R. D. 

1939. GENETICS OF CTANOGENE81S IN WHITE CLOVER (TRIFOLIEUM REPENS), 

Jour. Genet. 38: 357-365. 



STAND IRREGULARITY AND ITS RELATION TO THE 
YIELDS OF SWEET CORN' 

By W. A. Huelsen 

Chief in vegetable crops, Illinois Agricultural Experiment Station 

INTRODUCTION 

Jt) th(' o])ini()ii of movst caniiers and growers the yit'lds of swe(*t corn 
are closely related to the uniformity of the fic^ld stand. Considerable 
(*are is taken to grach* tin* seed into as many as 6 to 10 diffenuit sizes 
and to have available spc'cial planter plates foi* (*ac.h seed size in order 
to assure a uniform drop. Having the ])roper equipment, seedsmen 
are often callt'd upon to do th(‘ grading, a practice whicli they consider 
wasteful since buyers refuse to accept odd-siz(‘d grades and *^round’’ 
kernels, which no plantc'i* plates will drop uniformly. Inasmuch as 
most of th(^ sw(‘(‘t corn hybrids are single crosses it is virtually impos¬ 
sible to secure the uniformity of size and shape of seed associatc'd with 
double-crossed field corn. Seedsmen’s losses in grading, in addition 
to those associati'd with the regular cleaning process, frequently run 
as high as 10 p(‘r(‘ent, which, of course, adds considerably to the 
ali’cady high selling pi‘ic(*. 

It is s(df-evident that even with a uniform drop tlu‘ field stand, 
because of natural hazards, will b(‘ more or less irregular. The 
tendency is to replant fields if the stands vary by more than one plant 
per hill on the assumption that this is absolutely necessaiy in order to 
secure maximum yields. The exp(‘rime‘nt herein reported was designed 
to determine the (dfect on yield of uniform stands as (compared with 
irregular stands, including missing hills. 

PLAN OF THE EXPERIMENT 

The writer ^ lias shown that under conditions at Urbana, Ill., the 
optimum planting distance for open-pollinated Country Gentleman 
sw(H*t corn {Zea mays) is 40 by 40 inches with a stand of three plants 
per hill wluu‘e weight is the primaiy consideration and four plants p(u* 
hill where count is the important factor. Therefore, in the present 
experiment the planting distance of 40 by 40 inches in cluick rows was 
used with a maximum stand of four per hill. 

The experiment was conducted at Urbana for the 3 years 1987-39 
and included all the arithmetically possible stands between 0 and 4 
per hill, allowing for a single variation in every other hill. There are 
14 possible (jombinations, as follows: 

0 and 1 1 and 1 2 and 2 3 and 3 4 and 4 

0 and 2 1 and 2 2 and 3 3 and 4 

0 and 3 1 and 3 2 and 4 

0 and 4 1 and 4 

Since including stands of 0-1 and 1-1 would probably add but 
little experimental information, the lay-out was limited to the remain¬ 
ing 12 planting rates, 3 of which (2-2, 3-3, and 4-4) were uniform. 

‘Becoived for publication October 3, 1942. . 
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The plots having missing hills or irregular stands were planted so 
that in the odd-numbered rows, including border rows, the odd-num¬ 
bered hills contained either the missing hill or the lower number of 
plants per hill. In the even-numbered rows, on the other hand, the 
sequence was reversed. This procedure assured an equal number of 
hills within plots for each of the two planting rates or for the respective 
missing hills and planted hills in irregular stands. In addition, the 
pattern was identical in all plots. 

An experiment of this kind with only 12 variables lends itself well to 
a predetermined statistical treatment, and it was therefore laid out on 
the basis of a Latin square. Sncdec.or ® prescuits a plan for a Latin 
square with 12 variables, and this was followinl exactly in the field 
during the 3 years the experiment was conducted. However, pn'cau- 
tions w(‘re taken to move the experiment to a new site (‘ach year, so 
that soil variations would be equalized. 

Individual plots were laid out 6 rows wide by 12 hills long with an 
alh^y surrounding each plot. The day before harvest the outside row 
on all 4 sides of each plot was cut with a corn knife and n'lnoved. 
Thus the net plot actually haiwested consisted of 4 rows, eacli 10 hills 
long, a total of 40 hills, as compared with the gi’oss plot of 72 hills 
(6 rows, 12 hills each). It was considered that essentially all bordiT 
effect was eliminated by this procedure. The net plot was 0.0102 
acre in size. 

Every possible effort was made to have the actual survival of plants 
at harvest time coincide with the indicated rate for eacdi plot. The 

1 )lot8 were planted at least twice as thickly as recpiired and the seed- 
ings were thinned to the proper rate in each hill when 4 to (> inch('s 
high according to the pattern d(*sciibed above. 

Illinois Country Gentlemaff Cross 8X6 was used throughout. The 
seed was obtaiiu'd each year from an Illinois canning company special¬ 
izing in the growing of its own seed. The seed was graded to the same 
uniform size each year and treated with the same dust disinfectant for 
control of seed-borne seedling disease organisms. 

Variations in maturity between plots were relatively slight, but 
these were taken care of by harvesting each plot 21 or 22 days after 
the appearance of the majority of the silks, according to season. 

All the oars, including undeveloped shoots, provided they showed 
silks, were harvested from each plot at the proper time, sacked, and 
brought to the laboratory. The unhusked ears were sorted into 
usable ears and culls. The former were then husked by machine and 
sorted again into prime husked ears and husked culls. No dented 
ears were found as the harvesting was completed before denting oc¬ 
curred. The prime husked ears were cut and scraped with a standard 
cream style cutter. Suitable counts and weights were taken at the 
various stages and the grading practices were similar to those followed 
by commercial canners in Illinois. 


« SnEDECOB, G. W. CALCtlLATTON AND INTERPRETATION OP ANALYSIS OF VARIANCE AND COVARIANCE. 
06 pp. Ames, lews. 1934. (Iowa State Col., Uiv. Indus. 8el. Monog. 1.) 
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STATISTICAL METHODS 


Tlio methods of computing the annual yields were those mentioned 
by Snedecor ^ ^ for the variance^ of Latin scpiares. The method for 
detemiining the variances of the 3-year m(*ans was that of Fisher,® 
recommended by Cochran,^ and shown in table 1. 

In table 1 which represents the actual yields of prime cut corn on 
the plot basis (0.0102 acre) the sums of the squares for years were 
obtained by squaring the 3 annual plot totals, each representing the 
sum of the yields of 144 plots, and subtracting the correction factor 
consisting of the 3-year grand total divided by 3X144. Two degrees 
of freedom for years are allowed. 


Table 1 .—Computation of the pooled variances of replicatul Latin squares and 
subdivision of interaction basis of weight of prime cut corn on plot basis 

INTERACTION 


VariatioiLs duo to— 

Degrees of 
freedom 

Sums of 
squares 

Mean 

.square 

Standard 

error 


2 

5.173.70 
2,693. 32 

2, .586.85 
244.85 


Typo of planting.... . 

11 


Interaction... . 

22 

306. 46 

‘ 13.93 

> 3.73 

Total.. . - 

.35 

8.173.48 

. 


Tiers ... 

33 ' 
33 

1, 391.70 
1.698.1.5 
1. 477. 37 

42.17 


Columns.. . 

51.40 


I'ooled error moan s<iuaro. 

330 

4. 48 

2 . i 2 

Total.. 

390 

4, 507. 22 







SUBDIVISION OF INTERACTION 


Anotnulou.s twhavior of 44 plantinfi^.s in 193H 
Remainder.. 

Total.. 



21 

93. 72 
212. 74 

93. 72 
10.13 

3. is 


22 

300.40 

1 13.93 



1 _ 


‘ Intiiractiou mean square and standard error. 


The sums of squares for types of planting were obtained by adding 
tht‘ squares of the 12 3-year typc-of-plantmg totals ancl subtracting 
the correction factor m(>ntionea above. The sums of squares for tiers 
and columns were calc.ulated hy adding the respective sums of squares 
for each year. 

The int(‘raction m(*an square (yeais X type of planting) has been 
used instead of the pooled error mean square, following Cochran’s 
suggestions. The fonner measures only the significance of those 
dinerences which have been consistent from year to year. Not only 
are plot errors measured, but also inconsistencies in behavior of the 
type of planting from year to year. Cochran has further suggested 
that the pooled error might be combined with the interaction mean 
square in instances where the latter is no higher than the former. 
However, the interaction mean square is higher in all cases except 
that of husked culls, recovery of prime husked ears, and recovery of 


* Soe footnote 3, p. 212 . 

•Snedbcob, O. W. statistical methods appued to experiments in aorkjultube and biology. 
Bov. od., 388 pp., illus. Ames, Iowa. 1938. , ^ 

• Fisher, B. A. the design op experiments. 252 pp., illus. Edinburgh and liondon. 1936. (See 

pp. 211-216. 

^ Correspondence with W. G. Cochran, Statistical Laboratory, Iowa State College of Agriculture and 
Mechanical Arts. 
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primo cut corn. In all three instances the F values are not significant 
and, therefore, the planting rates do not differ significantly. 

The differences required for significance at the 0.05 and 0.01 levels 
were determined from Fisher's table of t which was entered at 110 
degrees of freedom for the annual means and at 22 degrees of freedom 
(types of planting X years) for the 3-year means. 

EXPERIMENTAL RESULTS 


GENERAL ANALYSIS OF DATA 


The yields have been expressed in two wavs, namely, the means and 
the percentages of the general mean. The foniier method shows 
wider differences in the high yielding year 1938 than in 1937 or 1939, 
the range from highest to lowest for weight of prime cut com alone in 
table 4 being 642, 1,106, and 745 pounds per acre for 1937, 1938, and 
1939, respectively. The annual changes in the range of differences 
undoubtedly contribute to the types of planting X years interaction. 
For the same years in table 4 the percentage differences of prime cut 
corn are much more stable, being respectively 39.15, 46.85, and 45.38. 

The experimental treatments fall into three main groups whi(‘h may 
be studied either separately, or collectively, as follows: (1) Alternate 
hills completely missing; (2) increasing planting rates in uniform 
stands; (3) irregular stands, all hills planted. Judged, however, on the 
basis of the yields of the most important yield components (weights of 
sorted unhusked ears, prime husked ears, and prime cut corn) in 
tables 2, 3, and 4, the first group is the only one distinctly separate, 
inasmuch as the three treatments, 0-4, 0-3, and 0-2 are consistently 
the lowest producers. Groiips 2 and 3 fail to show any distinctly 


Table 2. —Actual and relative acre weights of sorted unhusked ears of Country 
Gentleman sweet corn under specified variable and uniform planting rates onrf 
distributions for the S-year period, 19S7-S9 


Type of planting 


0-2 

0-.3. 

(M. 

1 - 2 ., 

1-3. 


M.. 

2 - 2 .. 

2 - 8 .. 

2- 4.. 
8-3.. 

3- 4.. 


General mean. 

F value. 

Standard error.. 

Diflerenoe reauired for 
signifloanee; 

At the 1 percent level... 
At tbe S^peroent level... 


1037 

1938 

1939 

3-year average 

Annual mean 
yield 

JJ ^ 

n 

« s 

1 

Pi 

s 

K 

^ *3 
& C 

9 aj 

1 

% 

h 

If. 

a 

a 

< 

(L “ 

! 

TJ 

.a 

-I 

eS 

1 

Tons 

2.148 
2.268 
2.329 
2. 816 
2.976 
2.902 
2.915 
2.790 
3.079 
3.068 
3.110 
2,884 

77.43 
81.76 
83.96 
101. 61 
107.28 
104.61 
105.08 
100.58 
110.99 
110.60 
112.11 
103.97 

12 

11 

10 

8 

4 

6 

6 

9 

2 

3 

1 

7 

Tons 

2 . mi 

3.021 
3.199 
3.628 
3.716 
3.871 
3.885 
3.723 
4.247 
3.920 
4.313 
4.318 

70.28 
81.76 
86.58 
95.48 
100.67 
10176 
106.14 
100.76 
11194 
106.09 
116.72 
116.86 

12 

11 

10 

9 

8 

0 

5 

7 

3 

4 
2 
1 

Tons 

1.973 

2.204 

2.131 

2.548 

2.723 

2.834 

8.060 

8.010 

3.113 

3.274 

3.155 

3.009 

70.97 
79.28 
87.44 
91.65 
97.95 
101.94 
110.07 
108.27 
113.05 
117.77 
113.49 
108.24 

12 

11 

10 

1 

7 

4 

5 
3 

1 

2 

6 

Tons 
2.239 
2.498 
2.663 
2.964 
3.138 
3.202 
3.286 
3.174 
3.490 
3.420 
3.526 
3.404 

72.62 
81.02 
86.05 
96.14 
101.78 
103.86 
106.68 
102.95 
113.20 
110.93 
114.37 
110.41 

12 

11 

10 

9 

8 

6 

5 

7 

2 

3 
1 

4 

2.774 



3.695 



2.780 



3.083 



♦•16.77 



•*81.43 



♦•23.21 



♦♦21.69 



.0818 

2.95 


.0951 

"z&i 

::: 

.0853 

3.07 

ii:: 

.0892 

2.89 

::: 

.3034 

.2292 

10.94 

8.27 


.3527 

.2665 

9.53 

7.20 

... 

.3164 

.2361 

11.39 

8.60 


.3556 

.2616 

11.53 

8.49 



♦••highly significant. 
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separate teiideiu'ies. In woids, ev(‘imess of stand is not 

nc'cessarily the principal criteiion of production. 


Table 3. —Actual and relative acre weights of prime, husked ears of Country Gentel* 
man sweet corn under specified variable and uniform planting rates and disiribu-- 
lions for the 3-year periody 1937-39 



1937 


1938 


19:i9 


3-year avertvge. 

Type of planting 

Annual moan 
yield 

°s 

fl 

Rank 

Annual mean 
yield 

Percent of gen¬ 
eral mean 

Rank 

Annual mean 
yeld 

c 

Hs 

11 

Rank 

Yield 

Percent of gen¬ 
eral mean 

Rank 

0-2 . 

I'ons 

1.44.') 

75. .34 

12 

Toruf 

1.908 

70.12 

12 

7'ons 

1.291 

72. 37 

12 

Tons 

1.548 

72. :io 

12 

0-3 . . . - - .- 

L.Ml 

80. 34 

11 

2.183 

80.2:1 

11 

1.411 

79.10 

11 

1.712 

79.96 

11 

0-4 . ----- 

L.wy 

81.80 

10 

2.341 

86.03 

10 

i..56:i 

87.61 

10 

1.824 

85.19 

10 

1-2 . 

1.949 

101 . 62 

K 

2.589 

9.5.15 

9 

1.617 

90.64 

9 

2. 052 

95.84 

9 

1-3 .- - - - - - - 

2.078 

108.34 

4 

2. 766 

101. 65 

7 

1.756 

98. 43 

8 

2 . 2 (K) 

102.76 

8 

1-4 .-.- - 

2.014 

105.01 

5 

2.820 

103.64 

6 

1.817 

101. 85 

7 

2.217 

103. 55 

6 

2-2 .- -- 

2. (KM) 

104. 28 

0 

2.865 

105.29 

5 

1. 941 

108. 80 

4 

2.269 

U)5.98 

5 

2 3 .. .. 

1.934 

100. 83 

9 

2.748 

100.99 

8 

1.926 

107.96 

r; 

2.203 

102.90 

7 

2-4. ... --- 

2.147 

111.94 

3 

3.129 

114.99 

3 

2.026 

113. 66 

3 

2 . 4:u 

113.68 

2 

3-3. --- —-. 

2.1.59 

112.56 

2 

2.902 

106.65 

4 

2 . 128 

119.28 

1 

2. 390 

111.91 

3 

3-4.. 

2.192 

114.29 

1 

3.200 

117.60 

2 

2.031 

113.85 

2 

2. 474 

115. 55 

1 

4-4.-. 

1.987 

103. 60 

7 

3.202 

117.68 

1 

1.901 

106. 56 

6 

2. 363 

110. 37 

4 

Oeneralmean. 

F value... - 

1.918 
•*18.08 

1 

_ 

2.721 
•*33.63 



1.784 
••20.42 



2. 141 
*•18.04 


— 

Standard error. 1 

. 0003 

3.^141 


.0701 

2.57 


. 0678 

3.25 


. 0706 

3.30 

.... 

Difference required for 
.significariCHV i 

At the I’lKWent level.-. J 

.2237 

11.65 


.2600 

9.53 


.2144 

12.06 


.2814 

13.14 


.At the 6 -per<H'nt level -. 

. 16891 

] 

8.80 


.1965 

7.20 


. 1620 

9. 11 


.2070 

9.67 

... 


♦•“hiKhly significant. 


Table 4. —Actual and relative acre weights of prime cut kernels of Country Oeritleman 
sweet corn under specified variable and uniform planting rates and distributions 
for the 3-year periody 1937-39 


Type of planting 

I9:t7 

1938 

1939 

3-year average 

'i 

1 '^ 

§ 

< 

sg 

11 

0 ) 

I 

B 

eo 

PS 

is 

E-a 

>• 

*3 § 

fa 

■< 

c 

Be ' 

11 
s ^ 1 

B 

03 

« 

§ ' 

"Z 

< 

s 

®a 

11 

(X 

§ 

•o 

5s 

il 

(X 

1 

< 1-2 .. 

0-3... 

0-4 .. 

1-2 .. 

1-3. . 

1- 4.... 

2 - 2 . 

2-3___ , 

2- 4.... 

a-3... 

3- 4. 

4- 4... 

Pounds 

1,244 

1,338 

1,344 

1,672 

1,766 

1,705 

1,709 

i,mi 8 

1,863 

1,846 

1,886 

1,662 

75,85 

81.69 

81.96 

101.95 
107.01 

103.96 
104.21 
101.71 
112.99 
112,66 
115.00 
101.34 

12 

11 

>?, 

4 
6 

5 
8 
2 
3 
1 
9 

Pounds 

1.682 

1.914 

2,048 

2.239 

2,379 

2,438 

2,446 

2,363 

2.725 

2,637 

2,768 

2,788 

71.24 
81.07 
86 .74 
94.83 
100.76 
103.26 
103.60 
100.08 
115.42 
107.46 
117.24 
118.09 

12 

11 

10 

9 

7 
6 
5 

8 

3 

4 
2 
1 

Pounds 

1,215 

1.305 

1,440: 

l,507i 

1,625 

1,669 

1,793 

1,788 

1,865 

1,960 

1,860 

1,697 

73.99 
79. 48 
87.70 
91.78 
98.96 
101.64 
106.20 
108.89 
112.97 
119.37 
112.67 
103.36 

12 

11 

10 

9 

8 

7 

4 

6 

2 

1 

3 

6 

Pounds 

1.380 

1,519 

1,610 

1,806 

1,920 

1,937 

i,m 

1,939 
2,144 
2.116 
2,168 
2,049 

73.37 
80.76 
86.69 
96.01 
102.07 

102.98 
105.42 
103.08 

113.98 
112.44 
116.26 
108.93 

12 

11 

10 

9 

8 

7 

6 

6 

2 

3 

1 

4 

General mean... 

1,640 



2,361 



1,642 


! 

1,881 


-- 

F value. 

**14.27 



♦•28.26 



••16.16 



••17.58 


— 

Standard error. 

66.8 

3.46 


64.7 

■ 2*74 


67.8 

1 3.52 


60.8 

3.23 


Difference required for 













sii^fioanoe; 

At the l-percent lev€>l.,. 

210.7 

12.83 


240.0 

10.16 


214.4 

13.06 


[ 242.4 

12.89 

... 

At the 5>t)eroent level... 

169.2 

9.70 


181.3 

7,68 


162.0 

9.86 

... 

178.3 

6.48 



highly significant. 
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In most instances the yields rank in much the same relative order 
from year to year, but in the case of the weights of sorted unhusked 
ears, prime husked ears, and prime cut corn, discrepancies in the 
yields of certain treatments must be considered. The weights of 
sorted unhusked ears, prime husked, ears, and prime cut corn in 
tables 2, 3, and 4, respectively, are unusually consistent with reference 
to each other within single years as indicated by the relative rankings. 
Comparisons of rankings from year to year show that the various 
rates of planting are consistent with the three exceptions discussed 
below. 

The 1-3 rate of planting ranked uniformly fourth in 1937, varied 
from seventh to eighth in 1938, and was uniformly eighth in 1939. 
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PLANTING RATE 


Figure 1. —Relation between type of stand and 3-year mean yields of sweet corn 
expressed as percentages of the general mean in a Latin square, plotted from 
data in tables 2, 3, and 4. Significant differences at the 5-percent level are 
8.49 percent for weights of sorted unhusked ears (A), 9.67 percent for prime 
husked ears (B), and 9.48 percent for prime cut corn (C). 


The data in tables 2, 3, and 4 show, however, that in 1937 the differ¬ 
ences between fourth and eighth rankings are not significant. There¬ 
fore, the 1937 discrepancy is of minor importance. 

The 2-3 planting rate in tables 2, 3, and 4 ranks uniformly fifth 
for 1939, which is considerably higher than the eighth to ninth ranking 
in 1937 and the seventh to eighth in 1938. The differences between 
fifth and eighth ranking in 1939 are significant, but not in 1937 and 
1938. However, figure 1 shows that the 2-3 rate has an unduly 
low 3-year mean yield, indicating a depression of yield in 1937 and 
1938 rather than an unusual increase in 1939. Inasmuch as the 
differences between the fifth and eighth rankings in 1937 and 1938 
are not significant, the discrepancy cannot be considered a true 
anomaly. 

The 4-4 rate of planting, however, presents a true anomaly, inas¬ 
much as it varied from seventh to ninth rank in 1937, was uniformly 
sixth in 1939, but reversed its trend to reach first in 1938. Undoubt- 
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edly this anomalous performancp has a biological explanation. The 
general means in tables 2, 3, and 4 show that 1938 was an exception¬ 
ally favorable year as compared with 1937 and 1939. Consequently, 
under optimum conditions a heavy rate of planting such as 4-4 might 
give exceptionally high yields, reverting to a much lower level of 
production under less favorable conditions. In other words, the 4-4 
planting rate may be considered a borderline treatment, requiring 
exceptional conditions to produce the maximum weight of ears. That 
the 4-4 rate will produce a large number of ears (won und(T average 
conditions has been demonstrated by the wriU^r*^ and is also shown 
by the data from this experiment in table (). Thc! number of un¬ 
husked and husked prime ears per acre ranked first in 1938 and rangerl 
from second to third in 1937 and 1938, but without any significant 
differences between first and third ranks in 1937 and 1938. 

In other words, the e^ars from planting rate 4-4 merely developed 
to larger size in 1938, and the weights per unhusked ear averaged 
94.00 percent of the general me*an in 1938 as compared with 84.02 
and 91.84 percent in 1937 and 1939, resperlively. Similarly, the 
W(‘ights per prime huske^d car averaged 94.01 percemt in 1938, 85.79 
perceuit in 1937, and 91.52 percent in 1939. In all 3 yetlrs treatment 
4-4 had uniformly the lightens! we*ight (‘ars. 

The reversal of planting rate 4-4 from low ranking in 1937 mid 
1939 to first in 1938 so far as weights of sorted unhusked ears, prime 
husked ears, and prime cut corn are concerned, contributes to the 
treatments X years interaction. The interaction may be sub¬ 
divided, following Siicdecor® in Section 15.9, as shown in table 1 . 
The* method consisted of multiplying each of the 3 yearly totals of 
12 replications of tre‘atmcnt 4-4 by 12 and subtracting the respective 
yearly total yields of the 144 plots in the experiment. The 3 differ¬ 
ence's thus obtained were calculated according to the following: 

[(2X1938 differemccj 3 (1937 +19 39 di%renc^F^ 

.22X432=9504 

mean square for treatment 4-4 in 1938. 

This product was subtracted from the interaction mean square of 
years X type of planting. 

The ratios between the mean squares for the single degree of 
freedom and the 21 degrees of freedom as shown in table 1 give the 
following F values: 

Weight of sorted iinhusked ears- 8. 37 

Weight of prime husked ears-_.- -- 

Weight of prime cut corn__9. 25 

All of these arc highly significant. 

EFFECT OF STAND IRREGULARITIES ON YIELDS OF PRINCIPAL EAR COMPONENTS 

Weights of Sorted Unhitsked Ears, Prime Husked Ears, and Prime 

Cut Corn 

The percentage's of the gimeral means from tables 2 , 3, and 4 have 
been plotted in figure 1 . The treatment sequence used in plotting 
figure 1 is the same as that which appears in the tables. According 
to this sequence the yields increase with a marked degree of regularity 


* See footnote 2, p. 211. 
® See footnote 5, p. 213. 
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through the first seven planting rates, that is, as far as rate 2-2. 
Beyond this point there is considerable irregularity. It should be 
noted that all three (*omponents of yield are in remarkably close 
agreement. 

More complete comparisons were possible by plotting the data from 
tables 2, 3, and 4 in five groups holding one of the alternate pairs of 
hills constant and permitting the second to vary as follows: 




2-0 

3-0 

4-0 



2-1 

3-1 

4-1 

0-2 

1-2 

2-2 

3-2 

4-2 

0~-3 

1-3 

2-3 

3-3 

4-3 

0-4 

1-4 

2-4 

3-4 

4-4 


These groupings involved 21 rates of planting. Since there wore 
only 12 rates in the experiments, 9 were used twice. Three of the 
5 groups included uniform rates of planting. If uniformity of planting 
had a strong influence on yields, the uniform rates in each of the throe 
gi'oups unhusked ears, husked ears, cut corn—should have given 
unusually high yields, but this did not prove to be the case. 

The data for the three yield components show that thickness of 
stand rather than uniform planting rate is the dominant factor affecting 
yield. In this respect the results are very similar to those of Kiessel- 
bach and Weihing,^® wdio compared systematically variable stands 
with uniform stands of field com over a 14-year period and found that 
the difference averaged only 0.1 bushel per acre. 

The data are all very consistent in showing the dominant effect of 
stand. The 2-3 planting rate is the only one disturbing the regularity. 
The reasons for this disturbance have already been discussed. 

The data in tables 2, 3, and 4 show that the five highest ranking 
rates on the basis of 3-yeai* mean yields are 3-4, 2-4, 3-3, 4-4, and 
2-2 in the order mven. In the case of weights of sorted unhusked ears 
and prime husked ears, all five of these rates have yield differences less 
than the 5-percent level of significance, but on the basis of prime cut 
com weights in table 4, the 2-2 rate has a barely significant lower yield 
than 3-4, the highest in the group. However, owing to the anomalous 
behavior of treatment 4-4 in 1938, the interaction may be subdivided 
and 4-4 removed from consideration in comparing other rates. Using 
21 degrees of freedom, the differences required for significance at the 
5-percent level between the 3-year means drop to 7.47, 8.20, and 8.24 
percent, respectively, in tables 2, 3, and 4. On this basis the 2-2 rate 
is significantly lower than the top ranking 3-4 rate for all three yield 
copiponents, but at the same time is not significantly higher than the 
next heavier rate 2-3. 

This is the only point in the experiment excluding the missing hill 
rates where there is the slightest indication that a uniform rate may be 
superior to a corresponding irregular rate, that is, one having the same 
number of hills per plot. However, further analysis in table 5 fails 
to show that the 2-2 rate is superior because of its uniformity. 

The present experiment is complicated by the fact that two variables 
must be considered. The first of these, uniformity of stand, has already 
been discussed. The second, number of plants per acre, has not been 
considered seppately. For each pair of hills the planting rate varies 
from two to eight by single steps. In other words there are seven 


^0 KnESSXLBACH, T. A., and Wbisono, R. M. sfvect of stand ikreoulabittls upon the ao&e vocid 
AND PI.ANT VARIABIUTY OF CORN. Jour. Agr. Kcs. 47. 390-116, lUus. 1933. 



Sept. 1,1043 


219 


Staiul Irregularity and Yields of Sweet Corn 


thi(;kiiosses of planting in the <»xp(‘rimpnt. The weights of 
the principal ear components are arrang(*d in table 5 on the basis of 
number of plants in each pair of hills. Four of the s(‘ven groups contain 
more than one type of plant distribution. 

The 0“3 and 0-4 rat(‘s are consistent in being significantly lower 
than any of the other plantings within their respective gioups. Ap¬ 
parently where an irr(*gular stand consists of a missing hill it falls 
into an entirely different category than an irr(‘gular stand having all 
hills planted, even if there is only one plant in the irregular hill. The 
r(^maining rates within each group fail to differ significantly in weight 
of any of the three' principal yield components. This indicates that 
stand irregularity fails to produce significant differences in weights of 
sorted unhusked ears, prime husked ears, and prime cut corn when the 
total number of plants per unit of area is held constant. In other 
words when thi(ikness of stand is held constant, irregularity has no 
significant influence on yields, but the missing hill type of irregularity 
causes significant decreases. 

Tabi.e 5. —Effects of irregularities within classified stand groups on the yields 

of sweet corn * 






Yield 



Number of plants 
per 2 hills 

Rate 

Weight of 
unhiLsked 
ears * 

Weight of 
prime 

hij.'<ked cans > 

Weight of 
prime out 
corn * 

Number of 
.sorted un¬ 
husked ears * 

Number of 
prime 

husked ears» 

2 . 

0-2 

Percent 

72.62 

Percent 

72.30 

Percent 

73.37 

Percent 

69.34 

Percent 

69.16 

3. 

/ 0 3 

HI. 02 1 

79.96 

80. 75 

78.43 

77. 21 

\ 1-2 

96 14 

95.84 1 

96.01 

91.98 

92.00 


(M 

86 . (W 

85.19 I 

K5. 59 

85.98 

85. 78 

4 . 

\ 13 

101. 78 

102. 76 

102.07 

98.29 

99.15 


1 2-2 

106. 58 

l(t5.98 

105. 42 

103.13 

102 44 

5... 

{ U 

103. 86 

103. 55 

102. 98 

105. 73 

105. 72 


102.95 

102.90 

103.08 

1 102.23 

102. 29 

6 ... 

{ H 

113. 20 

113.68 

> 113.98 

115.07 

115 17 


110.93 

111.91 

112.44 

111.06 

112.27 

7... 

3-4 

114.37 

115.55 

115. 26 

117.80 

118.66 

8 -.. 

4-4 

110.41 

110.37 

1(«. 93 

120.96 

120.10 


> Expressed in percentaces of the general S-year mean. 

* Significant differences at the S'percent level are 8.49 for weight of unhusked ears. 9.67 for weight of prime 

busked ears, and 9,48 for weight of prime cut corn, but in the comparisons which do not involve the 4-4 
rate the significant differences are 7.47, 8.20, and 8.24 respectively. ^ , 

* Significant differences at the 5-percent level are 6.66 for number of sorted unhusked ears, and 6.34 for 
number of prime hiwked ear.s. 


Number op Sorted Unhusked and Prime Husked Ears 

In experimental work dealing with s'sveet corn, the yields in terms 
of number of ears per acre must also be considered since truck growers 
sell by count and not by total weight as cannery growers do. The 
yields on the basis of numbers of ears are summarized in table 6. 

The general trends of yields expressed as number of sorted uiiliusked 
and prime husked ears are very similar to those shown when these 
yields were expressed by weight except for the fact that the 4-4 
planting rate is the higliest and its behavior was consistent during 
the 3 years of the experiment. This agrees with the previous work 
of the writer “ in which it was shown that the four-per-hill rate is the 
one to use for Country Gentleman wdiere maximum number of ears 


” See footnote 2, p. 211, 
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per acre is the primary considoration. Accordingly, larger yield 
differences may be expected as a result of the greater effect of total 
stand. This is what actually occurred. In the case of yicdds in terms 
of number of sorted unliusked ears, the 4~4 and 3-4* rates are sig¬ 
nificantly the highest in the entire experiment and do not differ 
statistically. On the basis of yields of number of prime husked ears, 
there are three statistically identical rates which are signifi(^antly 
higher than all the remaining rates, namely, 4-4, 3-4, and 2-4. Here, 
again, uniformity of stand is not the crit(*rion of yield. 

Further analysis of the data on number of sorted unhusked and 
prime husked ears in table f) shows that the missing-hill typo of stand 
irregularity falls into a category clifferent from that of the irregular 
stands in which all the hills are planted, inasmuch as the yields are 
significantly lower than the rest of the treatments in their respective 
groups. In fact the latter show no significant differences. 

Weight Per Bortkh Unhhskbd and Prime Husked Ear 

The summarized 3-year mean weights per ear shown in table 6 
ar(^ obviously influenciHl primarily by number of plants per diill, 
decreasing inversely with respect to number of plants per hill. None 
of the decreases arc statistically significant, however, except where the 
planting distribution included four plants per hill. 

Th(^ data may be grouped and analyzed in the same manner as 
table 5, but not shown here. Significant differences failed to appear, 
with one exception, when the data were analyzed on such a basis, 
indicating that when the number of plants was held constant in pairs 
of hills, their distribution had no significant effect on weight per 
(*ar, altliough there was a distinct tendency toward a decrease where 
the group member included a hill with four plants. In one of the 
groups, namely, (M, 1-3, and 2-2, the 0-4 member produced sig¬ 
nificantly smaller prime husked ears than the highest member, 2-2. 

Recovery of Prime Husked Ears and Prime Cut Corn 

To the canner any changes in the percentages of prime husked ears 
and prime cut corn recovered from unhusked ears are of obvious 
importance. The data for these components have been computed, 
but as the F values fall considerably below significance, it m^ be 
assumed there is no difference between the rates of planting. These 
conclusions are in agi*eement with the results of the writer,who foimd 
that the recovery of prime husked ears in the Country Gentleman 
variety was not significantly changed by increased rates per hill 
except where the number of plants per hill was large and the planting 
distances close. In such instances the recovery of prime husked ears 
decreased. However, both the rates per hill and the distances between 
rows were beyond the limits of the present experiments. 

Weight of Unhusked and Husked Culls 

The yields of culls are of no particular importance except for the 
fact that their presence is highly objectionable to the because 

of the added cost of handling and of waste disposal. TOe yields ol 
unhusked culls summarized in table 6 proved to be, with the exception 


See footnote 2, p. 211. 
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of the 2-2 and 3-3 rates, remarkably uniform from year to year on 
the basis of the relative rankings. In contrast, the annual yields of 
husked culls were, with few exceptions, exceedingly divergent. 

The weights of unhusked culls increase at a rapid rate in relation 
to the number of plants per hill, but these increases arc independent 
of regularity of stand. Comparisons made in the same manner as 
in table 5, but not shown, indicate that there arc no statistical dif¬ 
ferences within the four groups containing more than one rate of 
planting. As a matter of fact, in two of these four gioups (0-4, l*-3, 
and 2-2; 2-4 and 3-3), which are the only ones containing uniform 
planting rates, the uniform rates have greater weights of unhusked 
culls than the irregular rates both with and without missing hills. 

The weights of husked culls have F values considerably below 
significance. It is assumed, therefore, that neither thickness nor 
irregularity of stand shows significant differencres. The fact that 
thickness of stand fails to increase the weights of husked culls within 
the limits of the present experiment is in agreement with the work 
of the writer,^*’ who obtained significant increases only in plantings 
heavier than those tested here. 

COMPARISON BETWEEN UNIFORM AND MISSING HILL STANDS 

Comparisons on the basis of the general mean have been made 
between uniform and irregular rates of planting, the latter including 
stands with alternate missing hills. The effect of alternate missing 
hills on yields may be considered separately on the basis of compari¬ 
sons with the corresponding uniform planting rate and ignoring the 
general mean. Three pairs of treatments may be compared, namely, 
2-2 and 0-2, 3-3 and 0-3, 4-4 and 0-4. These comparisons are 
summarized in table 7. The reductions in the total yields due to 
missing hills are progressive, being lowest where the stand is four 
per hill and highest where it is two per hill. Weight per ear is not 
only greater in missing hill stands, but also shows a progressive 
tendency in relation to rate opposite to that of total yields. 


Table 7. —Changes in 3-year mean yields due to alternate missing hills in 3 stands 

of sweet corn ^ 


Yield components 

Change due to miSvSing hills in in* 
dicated stand 

2 

3 

4 

Weightsra 

Sorted unhusked ears... 

PtreerU 

Percent 

Percent 

*•81.86 

••26. «6 

••22.06 

Prime husked ears..... 

••31. 78 

**28.55 

•*22.81 

Prime cut corn.... . 

••30.41 

••28.18 

•*21.42 

Unhusked culls... 

Number:* 

••53.27 

••47.60 

•*41.44 

Sorted unhuskod.. 

••32. 76 

*•29.38 

••28.92 

Prime husked,...... 

••32.48 

••32. 21 

*•28,57 

Weight i>er ear:* 

Sorted unhusked.. ..... 

1.36 

•3.36 

••10.24 

Prime husked....... 

1.26 

••3.26 

••9.08 


»Yields are expressed as poroenteges calculated from the formula ^^XlOO where a and 6 are the a-year 

V 

mean yields of the respective complete and alternate missing hill stands. 

1 Ail figures given are decreases. 

» All figures given are increa.ses, 

^Sifnificant at ^-percent level. 

**Slgnifioant at l>pcrcent level. 


footnote 2, p. 211. 
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MATURITY IN RELATION TO STAND 

The writer has previously shown that increasing the number of 
plants per hill tends to delay maturity. Such a tendency was also 
noted in the present experiment. Data for 2 of the 3 years, 1937 and 
1938, are shown in table 8. These data were computed from silk 
counts taken every other day during the early maturation period. 
Methods of making such counts and their interpretation in terms of 
maturities are discussed by Iluelsen and MichaiJs.*'^ Owing to tiie 
2-day intervals between counts it prov(»d to be impractical to inter¬ 
pret* maturities in terms of time units. The data in table 8 have, 
therefore, Ixmui expressed as percentages above or below the theoretical 
number of silks (75 percent of tlui total) at midsilking for each planting 
rati* on the day tin* enthe (*xperiment atd-ually reached midsilking. 
The 2 4 rate may be used as an example. The silks of the 2 center 
rows (total of 20 hills) were counted, a procedure uniformly followed. 
The 20 hills of the 2~4 rate contained 00 plants, or a total of 720 
plants in 12 replications. It was assumed that 75 percent of 720 
plants, namely, 540, would be the number of silks showing at the mid- 
silking point. The validity of this procedure is discussed by Huelsen 
and Michaels. Since 540 silks was the theoretical midsilking point 
and 556 were actually counted on August 15, 1938, the midsilking 
point of the entire experiment, the percentage was calculated as fol¬ 
lows: 

X100 = 102.96 percent. 

The 2-4 rate had 2.96 percent more than 75 percent of the tht'oreti- 
cal number of silks showing on August 15 and, therefore, was very 
slightly earlier than the entire experiment. 

Table 8 .—Relation between maturity of sweet corn and type of stand ^ 


1937 


Nunilwr of plants in alternate 

Number of plants per hill, stand constant 


(varying) hill 

0 

1 

2 

3 

4 



65.56 

40. 74 

-1.74 



51.11 

30.28 

—.67 

1 ... 05.56 

51. it 

45.28 

3.78 

2.22 

. , _ 40.74 

30.28 

3.78 

11.48 

-5.24 

.. . -1.74 

-.67 

2.22 

-5.24 

-25.69 


0 .. 



48.89 

28.52 

8.61 

1 . 



25.92 

20.28 

-6.22 

2 . 

48.89 

25.92 

42.22 

-4.67 

2.96 

3. 

28.52 

20.28 

-4.67 

-.93 

-6.20 

4. 

3.61 

-6.22 

2.96 

-6.20 

-25.42 


‘ E.\pres8ed as i)ercentage increase (earlier maturity) or decrease (later maturity) in relation to theoretical 
number of silks at midsilking. 


« i.fwd Michaels, W. H. the yield complex op sweet corn. Ill. Agr. Expt. Sta, 

Bui. 432; pp. m-m, illus. 1937. 
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The data in table 8 show a close relationship between maturity and 
stand, delayed maturity bdng associated with increased planting 
rates. There is no conclusive evidence that uniform planting rates 
have any effect on maturity independent of total stand. 

SUMMARY 

The effect of irregularities in the field stands of hybrid Country 
Gentleman sweet corn has been studied over a 3-year period. Twelve 
combinations of rate and distribution of planting were included, 3 
of them uniform, 3 with missing hills, and 6 with a constant rate of 
1, 2, 3, or 4 plants in one hill and the next one varying. The 12 
stand variations were laid out in the field on the Latin-square basis 
with 12 replications. The experiment was moved to a new site each 
year. 

Total number of plants per acre rather than irregularity of distribu¬ 
tion within reasonable limits was the factor which determined yields. 
The yield components thus affected were number and weight of 
sorted unhusked ears, number and weight of prime husked ears, and 
weight of prime cut kernels. 

Weight per unhusked and prime husked ear was influenced pri¬ 
marily by thickness of planting and not by irregularities in stand. 
Increasing the number of plants per hill reduced the weight per ear. 

Recovery of prime husked ears and of prime cut corn jproved to be 
highly variable from year to year and showed no significant trends 
within the limits of this experiment either with respect to total stand, 
or irregularities of stand. 

Weights of unhusked culls increased rapidly in relation to total 
stand, but were not affected by irregularities of distribution. Weights 
of husked culls failed to show any definite trends either with respect 
to total or irregular stands. 

A comparison of yields from uniform stands containing two, three, 
and four plants per hill with those from equivalent half stands in 
which alternate hills were missing, showed that significant reductions 
occurred in all components of yield except weight per ear where 
significant increases were noted in most , cases. Both the decreases 
and increases also showed distinct trends. Total weights of ears, 
cut corn, and unliusked culls along with total number of ears all showed 
the greaitest decreases in missii^ hill stands containing 2 per hUl and 
the smallest for four per hill. This trend was reversed in the case of 
the weight per ear increases. 

Increasing the total stand tended to delay maturity as determined 
by silk counts. There was no consistent relationship between 
maturity and irregularitVs in stand. 
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TYPE OF SEED FORMATION AS INDICATED BY THE 
NATURE AND EXTENT OF VARIATION IN KENTUCKY 
BLUEGRASS, AND ITS PRACTICAL IMPLICATIONS ‘ 

By William H. Bkittingham 

Formerly agent, Division of Forage Crops and Diseases, Bureau of Plant Industry, 
Soils, and Agricultuial Engineering, Agricultural Research Administration, 
United States Department of Agriculture^ 

INTRODUCTION 

Investigations on both European and American biotypc's of Ken¬ 
tucky bluegrass {Poa pratensis 1j.) have established the fact that 
seed formation is predominantly apomietic; that is, the embryo devel¬ 
ops solely from maternal tissues without previous fertilization of the 
('gg nucleus by a sperm from the pollen. The offspring may thus 
resemble the mother plant in morphological and physiological charac¬ 
ters, since they are essentially clonal increases of it. 

Quito apart from its purely scientific interest, the method of seed 
fonnation in Poa pratensis has important practical implications, as it 
may supply the answers to such questions as the foUowing: Is improve¬ 
ment in this species to be limited solely to selection of desirable types 
that already are available in nature? Or do forms exist that allow the 
breeder to choose from among the various inbreeding and hybridiza¬ 
tion techniques one particularly adaptable to Poa? 

Tho present study was designed to determine the extent and nature 
of the apomietic and sexual methods of seed production in a represent¬ 
ative sample of Kentucky bluegrass obtained from pasture and com¬ 
mercial seed sourc(»8 in the United States and Canada. It was thought 
that, by detailed statistical and descriptive analyses of the material 
and its progenies from both self-pollination and open pollination, some 
broad generalizations might l>e reached that could idtimately be ap¬ 
plied to practical breeding methods in the improvement of Kentucky 


It is hoped that the results presented will indicate more clearly than 
hitherto (1) the extent of apomixis and sexuality in a representative 
group of Kentucky bluegrass plants, (2) the nature of the aberrant 
Forms that are produced by sexufd phenomena, and (3) the practical 
application of the results to breeding techniques in Poa, 


»Keceived (or pubUcatton Auguj.t 22,1M2. The plwt mftterial tor this study was grown and the field 
data collected while the writer wasamember otthestaff of the XJ. B.Bogional Pasture Research Laboratory, 
State College, Pa., maintained in cooperation with the 12 Northeastern States. The cytplogiad and sta¬ 
tistical anal^es were made and the manuscript was prepared while the writer was a 

inemsfor the degree oS doctor 


for invaltiable 


br. W. B. Kemp, of the Pepartment of Agronomy, Univerajty 


tor help In assembling plaot material, 





226 Journal of Agricultural Besearch voi. no. a 

TERMINOLOGY OF APOMIXIS 

Apomixis is a general term and was defined in 1908, according to 
Stebbins {SS)^^ by Winkler, as “the substitution for sexual reproduc¬ 
tion of another, asexual reproductive process that does not involve 
nuclear or cellular fusion/^ In 1922, according to Fagerlind (if), 
Tfickholm proposed the term “agamospermy'' for seed production 
without fertilization. Since, in current literature, apomixis and 
agamospeimy are frequently used synonymously in referring to seed 
production without fertilization, the writer proposes to use the sim¬ 
pler and more generally understood tcnn “apomixis’’ when describing 
asexual seed production in Kentucky bluegrass. 

Included under apomixis are the phenomena of haplospory, diplos- 
pory, generative and somatic apospory, and adventitious embryony. 
For complete discussions of the history, descriptions, and toiininology 
of apomictic processes in higher plants the reader is referred to the 
publications of Gustafsson {14j 15)^ Stebbins and Jenkins (S4)y Fager¬ 
lind (if), Gentcheff and Gustafsson {IS), and Stebbins {SS). 

In discussing apomictic origins, the implication has been made that 
the offspring will resemble the maternal parent. This is true only if 
offspring have arisen by diplospoiy, apospory, or adventitious embry¬ 
ony, since only these processes can result in the establishment of iho 
original chromosome complement of the parent. Haplospory, though 
an apomictic process, may produce a wide range of morphological 
types in the offspring. In this paper, however, the expression “apo- 
micticall 3 ’^ reproduced plants” refers only to those plants that show 
complete conformity to the mother plant. 

In describing the manner of origin and the chromosomal com¬ 
plements of plants of Kentucky bluegi'ass, the expressions “haploid,” 
“diploid,” and “triploid” are employed. This is obviously a loose 
use of the terms when applied to a collection of bio types whose chromo¬ 
some numbers range from 2ns=36 {22) to 2 / 1 = ± 110, and whose basic 
number is a;=~7. However, these terms are convenient and will be 
employed with the following implications; 

Haploid ,—A plant having approximately half the number of chromosomes 
found in the mother plant. Haploids arise by haplosporic parthenogenesis. 

Diploid by apomixis .—A plant having the same chromosome number as the 
parent and conforming to it in morphological and physiological characters. It 
may arise by either diplosporio parthenogenesis or apoaporic parthenogenesis. 

Diploid by amphimixu ,—A plant whose chromosome number is approximately 
the same as that found in its parent, and whose morphological, physiological, and 
cytological features suggest that it arose by the union of a reduced egg and a 
reduc^ sperm; that is, by normal sexual reproduction. 

Triploid .—A plant having approximately 60 percent more chromosomes than 
exist m the mother plant. It is generally believed that triploids arise through the 
fertilizataon by reduced pollen of an unreduced egg derived by either diplospory 
Or apospory. The possibility may not be wholly eliminated, however, that in 
Poa certain triploids arise through the fertilization of a reduced egg by an un« 
reduced pollen grain {^i^* 

REVIEW OF LITERATURE 

The 8Ugg©8tion that seed production in Kentu<±y bluegrass 
vm pipdominant^ly apomictic was made by Mflutzing il9\ who 
eddied eli^t Swedidi biotypes of Pm praienm. ApomieiuQ seed pro- 
dti^n ti^S; also reported m Swedish ftums of P. dpim L. Mdatzing 
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proposed the following criteria for apornixis; (1) An ancuploid chromo¬ 
some number that is constant for the bio type; (2) morphological con¬ 
stancy within the biotype; and (3) good seed production, even in 
plants with gi'eat chromosome irregularities at meiosis. Apomictic 
seed formation in P. pratensis has been confirmed by Akerberg (7, 2, 
5, 4)7 Engelbert (P), Miintzing (22), Nilsson {23, 25), Rancken {28), 
Tinney @5), and Tinney and Aamodt {36), and may be inferred 
fj'om the morphological constancy observed by Armstrong {6) and 
Kemp {16), Several other species of Poa have been described as 
containing apomictic biolypes: P, palustris L. by Kiellander {18); 
P. arctica R. Br., P, alpigem, (E. Fries) Lindem., and P, glaucaNahl, 
of nortliern Europe, by Flovik {12); P, arctica, P. alpina, and P. 
(dpigena, of Canada, by Engelbert («9); and P. compresaa L., by the 
writer (7). 

Poa pratensis has been shown to be a remarkably diversified species 
in its range of chromosome numbers. Reports have been made by 
Akerberg {1, 2, 4)7 Armstrong {6), Avdulow (cited by Brown {8), 
Brown {8), Muntzuig {19, 20, 21, 22), Rancken {28), Skovsted* (50), 
and Tinney {35). Th(^ lowest somatic number, 2a=28, was reported 
by Avdulow as cited by Brown {8); the highest, 2a=110, by Akerberg 
(.^). Brown {8) has comi)iled all the reports of chromosome numbers 
in Kentucky bluegrass and finds a very steep mode at 2n=56, indi¬ 
cating that most plants are octaploid. Observations on meiosis in 
P. pratensis have been reported by Armstrong (6‘), Miintzing (70, 22), 
Rancken {28), and Tinney {35). In general, the division is highly 
irregular, although Miintzing {22) describes a regular meiosis in a 
sc'xual 36-chromosomo ‘‘haploid.^’ 

Tlie origins of the embryo sac and embryo have been reported 
for Poa pratensis by Akerberg (4), iindei’sen {5), Armstrong (6*), and 
Tinney {35); for P. compressa by Andersen {5); for P. p^ustris by 
Kiellander {18); for P. alpina by Miintzing {22); and for P. arctica 
by Engelbert {10). Kiellander and Miintzing described diplospory 
in P. palustris and P. alpina; Akerberg and Thmey, somatic apospory 
in P. pratensis; Engelbert, somatic apospory in P. arctica; and Aker¬ 
berg, Andersen, Armstrong, Miintzing, and Engelbert described or 
suggested sexual reproduction in the species with which each worked. 

Somatic apospory as the basis of apornixis in Poa pratensis was 
first described by Akerberg {4)» In an apomictic biotype, the embryo 
sac arose from a cell of the nuceUus, producing an egg with the unre¬ 
duced number of chromosomes, which then developed parthenogeneti- 
cally, Tinney {35) reported in greater detail the same series of 
phenomena. In all observed cases the megaspores degenerated and 
an embryo sac formed from an enlarged cell of the nucellus, the unre¬ 
duced egg of which developed parthenogenetically to form the embryo. 
In many instances, the embryo was wefi formed before flowering, and 
Tinney suggested that the development of the embrfo is not pseudog- 
amous but that, since the endosperm does not develop until later, the 
stimulus of pollen may be necessary for endosperm formation and sub¬ 
sequent seed formation. Some embryo sacs are slow in development 
and may not have formed an embryo at flowering. It was suggested 
that triploids might arise from the fertilization of these slowly devel- 
oped egg cells. The origin of twin embryo ^es was attributed to 
the simultaneous development of two nuceliar cella. In this inters 
pretation Tinney differs frmn Andersen {$), who described tw^; 



228 


Journal of Agricultural Research 


Vol 67,N<>. 6 


dorivod from two inegaspores, and from Eiigolbort {10), who stated 
that, in P. arctica, twins arise by the development of a red need me^- 
aspore and an unredue(‘d nucellar initial. Akerberj^ re])orted 
embiyolopjieal studies on a sexual biotype of P. nrafensis and found 
complete absenc(' of aposporoiis development. All embryo sa(‘s wt‘r(* 
derived from functional reduced megaspores. 

Self- and cross-fertility in Poa praterisis have been analyz(Hl b\ 
Nilsson (1^3, 24^ 25), He lia.s shown that plants differ widciv in their 
ability to set seed under bag. He concluded that, while tin* physi¬ 
ological (effect of tin* bag on seed set may be considerable under some 
conditions, true differences in self-sterility and self-fertility exist 
among plants of K(*ntucky bluegrass and that g(*notypical differences 
an* responsible. 

All exp(*rimental evidence leaves little doubt that pollination is 
necessary for seed production in Poa pratensis. Akerberg (1, 2) and 
Nilsson {25), working with sterile a])oniictic biotypes, found that, re¬ 
gardless of the typ(‘ of Poa pollen applied to the stigma, offspring were 
matrocliuous. In rare instances, hybrids were obtained. Results 
obtained by the writer (7), by applying P. prafensw pollen on heat- 
emasculated florets of P. compresm, indicate similar pseudogamous 
development and occasional fertilization. Akerberg {/p and Eng(‘l- 
bert (.9) reported results of hand emasculation on apomictic biotypes 
in several species of Poa. In no case was seed produced unless pollen 
was applied. 

Numerous references have been made to the high frequenc> of 
polyembiyony in Kentucky bluegrass. It was first m(*ntioned by 
Nishimura {26). Andersen {5), Armstrong {6), Eng(*lb(*rt {10), and 
Tinney (83) hav(* described and interpreted the embryology of twin 
seedlings in species of Poa. Miintzing {20, 21, 22) has presented a 
very complete analysis of the morphology and chromosome comple¬ 
ments of twin seedlings of P. pratensis. Skovst(*d {30) has made an 
extensive cytological study of twin seedlings. 

Akerberg {4) reported on the occurrence of polyembryony in prog¬ 
enies of Poa pratenms. He found it a highly variable feature among 
his plants, stated the average frequency as about 10 percent, and 
suggested that the sexual types show a significantly lower rate of 
polyembryony than do the predominantly apomictic types. Aker¬ 
berg reported 12.7 percent aberrancy in plants from twin-seedling 
sources, as compared with 6.9 percent in plants from singl(*-seedling 
sources. 


Webber {38) has prepared a review of the subject of polyembryony 
in the higher plants. 

Morphological variation in progenies of Kentucky bluegrass and 
the chromosome complements of the aberrant plants have been in¬ 
vestigated by Akerberg 4)* Selfed progenies show ed a variability of 
12.1 percent; artificially crossed progenies, 13.4 percent. Fifty-eight 
of the plants of the offspring were investigated cytologically; 43 were 
X^f maternal types and had the same chromosome numbers as the 
J>^eiits, and 6 had clxromosome numbers suggesting origin by trip- 
Many of the aberrant Fi plants gave highly variable Fj 
and the suggestion is made that the aberrant plants were 
than the parental type. 

Aamodt {36) have published the results of 102 progeny 
,|^lii|jts®N^ucted on Kentucky bluegrnss material collected from sources 
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in North America and Europe. Collections from pastures were in¬ 
cluded. The progenies from 48 of the selected plants were uniform 
and the 2 highest values obtained for morphological variability were 
12.06 percent and 21.92 percent. The entire nursery showed an 
average value for variability of 1.59 percent; 31 progenies from Wis¬ 
consin pasture sources gave a value of 1.65 percent. Tinney and 
Aamodt suggested that the variant plants had arist'n by either gametic 
union or mutation. 

Techniciues that facilitate the identification of plants with aberrant 
chromosome numIxTs have been described. Miintzing (22) has pre- 
s(‘nted evidence for the high positives correlation between chromosome 
number and diameter of polh^n grains in Poa pratensis. Nissen (27) 
similarly showed a positive correlation between chromosome number 
and size of stomata in this species. Both of these correlations have 
been shown by Miintzing (22) to exist also in P. alpina. 

Morphological constancy in the progenies of Kentucky bliK'grass is 
r(‘cognized l>y all investigators in this fudd as a reliable criterion of 
apomictic processes. Conversely, aberrant plants that arise arc 
considei (‘d as visible* proof of sexual reprodu(‘tive processes. These 
criteria of/eproduction were recognized first bv Miintzing (1.9), fol¬ 
lowed by Akerberg (.^) and Tinney and Aamodt {SO), the latter sug¬ 
gest iiig the progeny t(‘st as a practical means of evaluating types of 
s(‘ed d(*v(‘lopm(‘nt. 

MATERIAL AND METHODS 

SOUKCES OF MATERIAL 

Th(‘ huiiidation stock from which selections wt‘i‘e made was drawn 
from widely diversified sources. Detailed information is given in 
tal)le 1. Seed for tin* original K<*ntucky bluegrass nursery of appi*oxi- 

Tarlk L— Pedigree, foundation stock, and sources of the fuaterial from which 
the Kentueky tduegrass selections were made 


JVdiKrco Foiintiat i(in st(H'k Source 


.37-KIM to 114. w»llrction_ West Virniniaeastlire. 

118 ... _ do - _ .Vow Jersey pasture. 

J2t> .. .' do .. Vew JlHinp.shire pasture. 

127., .. do _ , New York pasture. 

181.1 Sod plun collect ion .. West Viri^inia pa.sture. 

37-KB l2Htol4<) .. . _ i Coniincrcial seed Kentucky. 

142 to 140 .. ..' . do . Mi.ssouri. 

152 .. . . . . do -.: Do. 

101 to 165.; . do . . 1)0. 

147. . . do .. . .- Kansa.«. 

151 and 156, ...do.. Minnesota. 

153 .i .. do ..South Dakota. 

154-... i . do . - _- . Iowa. 

155 . . _ . . .' do . Nebraksa. 

37-KntCU)134t470)» . . _; . do .... - ; Canadn. 

135(119) (150) (231)1 _do. Do. I 

138(525)1 ..: . do .... ; Do. 

37-KlUAsp) 19(1)* .. , C-. do.. New York. 

37-KIM70 .... i Strain. i Ottawa 939; Minnesota V-35. 

171 . ..... do - . ' Ottawa993; Minnesota P-3ft. 

172 . ! do . i Ottawa 994; Minnesota P-37. 

175 . i .do-- -.; Ontario Agricultural (\)llege 1. 

176 .. do , - _ Ontario Agricultural College 2. 

177 . !. .do.. ... . Ontario Agricultural College 3. 

37-KB 173. Introduction.i I*. I.* 114272. 

174.. do .. -- . i V. P. I.731fi3. 

180.. V . j\o _- . .! F. P.L 115314 Ru.ssia. 

187. ■ do. ' F. P. 1. 115495. 

37-KB(Psp) 1C .. . do . i F. P. 1.95.581 C^inada. 


J Kentucky bluegrass plants found in Canada bluegrass progenies. 
' Kentucky bluegrass plant found in AdrM^in progeny. 

J F. P. I. denotes Foreign Plant Introduction, 

’ Introduced as an unnamed sin^cles of Poa. 
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mately 10,000 individually spaced plants, ostablisliod at State College, 
Pa., in the spring of 1937, came from 4 sources: (1) Seed collections 
from permanent pastures, 118 pedigrees, from which 28 parental 
plants wore drawn; (2) seed from commercial sources, 38 pedipees, 
from which 71 parental plants were drawn; (3) seed of numbered 
strains and selections, 6 pedigrees, from which 9 parental plants were 
chosen; and (4) seed of Bureau of Plant Industry introductions, 5 
pedigrees, from which 7 parental plants were chosen. 

In all, 115 parental plants Avero selected from among the 10,000 in 
the nursery. An effort was made to have these plants representative 
of the range of variation in plant type and response found in the 
original nursery material. 

PROCEDURE 

Each of the selected plants of Kentucky bluegrass was bagged in 
the spring of 1938 to determine the extent of sterility under bag 
existing in the material and to provide seed for the study of inbred 
progenies. Open-pollinated seed was also collected. 

Seed was germinated in the fall of 1938, 6 weeks after harvest. 
One hundred seeds were placed on blotting paper in Petri dishes. 
The rest period of the seed was broken successfully by exposing the 
moistened seed to a temperature of 8® C. for a period of 10 to 14 days, 
followed by germination at room temperatures, a procedure found 
effective by Sprague {32), On germination, the singhi seedlings and 
twin and triple seedlings were separated and handled separat<dy. 
The nursery consisted entirely of plants from seeds giving rise to 
single seedlings. 

The single seedlings were transplanted from Petri dishes to paper 
bands in flats, and allowed to reach sufficient size for transplanting 
to the field. They were removed to the field in October 1938 during 
a favorable spell of weather which allowed them to become well 
established. Progenies were arranged in compact blocks to minimize 
environmental influence on the plants. With each progeny were 
planted clonal increases of the parental plant for comparisons of 
type and vigor. The final data presented in this paper were obtained 
during the spring and summer of 1940, at which time all plants had 
reached maturity. 

The double and triple seedlings were also transplanted to paper 
bands and allowed to reach a size best suited for their separation. 
Each seedling was transplanted to a 3-inch pot. As the plants de¬ 
veloped to the point where notes could be taken, those twins and 
triplets that seemed identical were discarded. Of those that re¬ 
mained, a representative sample was taken for transplanting to the 
field; 69 p*airs of twins and 4 sets of triplets were set out. 

EXPERIMENTAL RESULTS 

SEED SET UNDER BAG 

The 116 plants selected for progeny tests were brought into the 
greenhouse in the fall of 1938, wdiere 59, or approximately half of 
them, flowered. As nearly as could be judged, the flowering was 
Four to eight panicles of each plant were placed in a parch- 
feag. Seed set was classified on the basis of the percentage of 
wat set seed, and 4 identifiable classes were establi^ied: 
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(1) No sot, (2) loss than 30 porcent set, (3) 30 to GO ])crcent set, and 
(4) more than 60 porcont set. 

All 115 plants flowered in the field in 1938, and seed set was tested 
under parehment bags. Bagging operations W(‘re repeated in the 
field the following year with parchment bags in duplicate. Table 2 
presents the data on seed set. The numbers in parentheses refer to 
the 59 selected plants tliat flowered previously in the greenhouse. 
Based on the replicated data, the column headed “Composite data"' 
was set up as the best available appraisal of seed set under bag. 


Table 2. —Seed ad under hag in 115 selected Kentucky bluegraas plants 


StH‘(l s('t (iHTwnt) 



TMatits sell ill}; seed > in— 




Grennhouso 

Fi«>ld, 1938 1 

Field, 1939 

1 y. onujotiiie. uaia 


[Num¬ 

ber 

Per¬ 

cent 

Number 

i 

1 Percent 

Number ' 

' Percent 

1 

Number i 

J^ercent 

N ono . 

VI 

20.3 1 

(9) 16 

(15.3) 13.9 

(2) 9 j 

(3.4) 7.8 

(5) 10 ! 

18. 5) 8.7 

L‘ss than .‘ID.. 

7 

11.9 

(12) 23 

(20.3) 20.0 

(17) 35 

(28.8) 30.4 

(15) 30 : 

(25.4) 26.1 

Subtotal.. J 

19 i 

32,2 

(21) 39 

(35.6) 33.9 

(19) 44 

(32. 3) 38. 2 ! 

(20) 10 

(33.9) 34.8 

tUHil) . 

4 

6.K 

(12) 37 

(20.3) 32. 2 

(7) ’24 1 

(11.9) 20.9 1 

1 (7) :«) 

(11.9) 20.1 

Moro ttian 00.--. j 

30 I 

01.0 

(20) 39 

(44.1) 33.9 

(33) 47 1 

(55.9) 40.9 

(32) 45 

(54. 2) 39.1 

Subtotal --1 

40 1 

67.8 1 

(38) 70 

(04.4) (M).l j 

j (40) 71 

(67.8) 01.8 ‘ 

1 (39) 75 ! 

(00.1) 66.2 

Total . ... 

59 ' 

KXK 0 

(59) 115 

(100.0) KHKO 

j (59) 115 

|7l00.0) 1(H). 0 

j (59) 115 

j<; 100.0) 100.0 


> Nuinlwrs in paronthcsca refer in field data from the 69 plants that flowered under greenhouse conditions. 


Remarkably corisisttuit values throughout the series of bagging 
studies are obtained by combining the classes “no set” and “less than 
30 percent set” and the classes “30 to 60 percent set” and “more than 
60 percent set.” Of the 115 plants tested, only 5 failed to give con¬ 
sistent results throughout the replicated series, so that the 30-percent 
level of seed set seems to be an expedient biological measure of ability 
of plants of Kentucky bluegrass to set seed under the bagging condi¬ 
tions encountered in this work. 

These bagging tests conducted on 115 plants indicate that 34.8 
percent set seed poorly (less than 30 percent) or not at all, and that 
65.2 percent set seed well (more than 30 percent). There is no signifi¬ 
cant difference in ability to set seed under bag, measured at the 30-pcr- 
cent level, between tlie group of plants that flowered in the greenliouse 
and the entire group of 115 plants. In this connection, it may be 
pointed out that greenhouse conditions apparentlv provided a more 
satisfactory environment for the determination of sterility than did 
field conditions, since higher percentages of plants set no seed and set 
good seed in the greenhouse than elsewhere. 

ANALYSIS OF SELF-POLLINATED AND OPEN-POLLINATED PROGENIES 

A study was made to determine whether any significant differences 
exist between progenies from se^l produced under bag and progenies 
from seed proauced under conditions of open pollination. Both self- 
pollinated and open-pollinatod progenies were available from 87 
parental plai\jbs. Data from this analysis of germination, polyembry- 
ony, survival, and variability are summarized in table 3. 
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The values for polyembryony are based on the number of germi¬ 
nated seeds that showed evidence of containing more than one embryo. 
These W(*re almost entirely twin seedlings, although triple seedlings 
appeared in some progenies in appn^ciable numbers. Invariably the 
appearance of triple seedlings was associated with a high incidence 

of polyembryony. The correlation be¬ 
tween the vahuis for polyembryony in 
self-pollinated and open-pollinated 
progenies is very high (fig. 1), 

The distributions of tlio values for 
polyembryony in 87 self-])ollinated and 
87 open-pollinated progenies are shown 
in figure 2, A. In order to determiix^ 
whether significance could be ascribed 
to any dilleTences existing between 
paired progcxiies from each parental 
plant, chi-square deteiminations W('re 
made and plotted against the theo¬ 
retical distribution for A'^=87. There 
is remarkably close agreement, indi¬ 
cating that, although rat(*s of polyc'in- 
bryony in plants of Kcuitucky blue- 
grass may show highly significant diffenuices, yet the j'ate for a ])ar- 
ticular plant is iinh^pendent of the type of pollination. 

Table 3.— Statistical data from self-pollinnted and open-polHnoted progenies of 87 

plants 



POLYEMBRYONY (PERCENT) 
SELF- POLLINATION 


Figure 1.—(V)rrelation of polyem- 
bryoiiy in progenies from seilf-pol¬ 
lination with polyembryony in 
progenies from open pollination. 


Item 


Correla¬ 
tion 1 


Moan IDifferonco 


! Lowfst [Standard 

i value valin* dcvlalion 

I 1 


Oerrnmation: 

Sdf-pollination. 

Open pollination. _ . 

I^olyembryony: 

Sdf-polllnation_ _ 

open pollination, . . 

Survival: 

Self-pollination. 

OiK'ii pollination. 

Variability: 

Self-pollination . 

Oi)en pollination. .. .. 

Variability after elimination 
of 3 widely divergenl pair«: 

Self-pollination..lx- 

Open pollination 
Size of progeny (number of 
plants): 

Self-pollination (4,260) . 
Open pollination (4.4:i7) . 


} +• 
} +• 
} +■ 


278 if 


733 i 


Perce nf ■ 
S2 4±l.r. il 
80.4i-J.3 if 


S. 1± . 


614 


+.818 


KLt»±l,5 ;1 
86.5^1,2 jf 

10.9:i:1.4 h 
14.8±l.f) 1/ 

I 
i 


2 . 0 ± 2.0 

J.6rbl.u j 

3.S±2,2 I 




Number 
49,()drl.2 
61.0± .8 


l.(M> 

1.23 

.83 

1.71 


Percent 
\ 37.4 

1 28. (I 

I 0 

I 0 

f 22.0 

( 34. (I 


Number 

12 

17 


Percent ' 
J(M).0 ; 
98.0 i 

28.7 i 
36. 1 I 

100.0 j 

)0U.U I 


04.6 
74.6 1 


64.6 ! 
70. 6 

Number 

60 

60 


14. 6 
11.8 

6.1 
7. 0 


13 6 
11. 1 

14.2 

lfi.3 


12.8 

13.7 


10.8 

7.4 


1 P»0.01 at r«0.27. 

! P»0.05 at 1.96. 

The experimental nursery was planned so tliat ultimately each 
progeny would consist of 60 plants in the field. With few exceptions, 
sufficient seed genninated to supply this number. The studies of the 
mature plants in the nursery revealed the fact that certain progenies 
had lost a considerable number of plants and that others had lost 
none or very few. It was thought advisable to analyze^»tlie material 
to discover, should the loss in plants be the expression of some in- 
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herent character of the parent plant, if any difference existed between 
self-pollinated and open-pollinated progenies. The results are ex¬ 
pressed in percentflge survival and include those plants that survived 
transplanting to flats and transplanting to the field and those that 
persisted in the field for 2 yeai*s. 

The high correlation (fig. 3) between percentage survival in self- 
pollinated progenies and percentage survival in open-pollinated 
progenies establishes the fact that survival is not distributed at random 
thi^ough the nursery but is definitely associated with paired progenies 
of a given parental plant. 

As used in this study, the term ‘‘variability’^ refers to the morpho- 



Figure 3.—Correlation of survival in progenies from self-pollination with survival 
in progenies from open pollination. 

logical variations from the parental type found among the 2-y<iar-old 

S lants available for study. The aberrant plants showed numerous 
eviations from the parental type. Many were larger and more 
vigorous than the parent in all plant structures; manv were much 
reduced in size and in vigor. The plants varied greatly in rliizome 
development, degree of spread, height, and leafiness, and in length, 
width, and color of leaf. It was found that panicle characters w^ere 
good criteria of morphological variability. Panicles showed great 
variation in over-all size and shape, size of spikolets, number of 
spikelets, and color. 

All the morphological variations just mentioned are grouped under 
variability, a term that the writer and other workers in this field, 
notably Muntzing (1(9, 22)y Akerberg (4), and Tinney and Aamodt 
(5^), assume to be an expression of sexuality existing in parental 
plants. Conservatism was exercised in classifying the plants in the 
categories of variant (sexual) and apomictic. No plant was classified 
as variant unless all evidence indicated the variability to be due un¬ 
mistakably to genetic causes. 

The correlation between the percentage variability in self-polli¬ 
nated and opon*pollinated progenies is highly significant (fig. 4). 
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indicating a genetic behavior inherent in any given parental plant. 
This correlation is greatly increased by the removal of three widely 
divergent pairs of observations. The correlation value becomes 
+0.818 (fig. 4). Tli(‘> observations that are divergent may possibly 
indicate plants whose behavior is significantly different from that of 
the main body of plants, which show a good fit with the regression 
line. 

The distribution of the values for variability in 87 self-pollinated 
and 87 open-pollinated progenies is shown in figure 2, /f. In order 
to detennine whetlKU* significance could be ascribed to any differences 
existing between paired progeni(*s from each parental plant, clii-square 



VARIABILITY (PERCENT) 
SELF- POLLINATION 


Fi(;cue_4. —Correlation of •'variability in progenies from self-pollination with 
, variability in progenies from open pollination. 

determinations were made and plotted against the theoretical dis¬ 
tribution for A^=-87. The comparison indicates a discernible drift 
toward the region of high values. There are 12 values beyond the 
5-percent point in the actual chi-square distribution, whereas 4.34 
values beyond the 5-percent point are theoretically expected by chance 
alone, '^he question arises whether the increase over expectation rep¬ 
resents plants that give self-pollinated progenies significantly different 
in variability from the open-pollinated progenies, or whether the in¬ 
crease results from chance. The data presented in figure 4 indicate 
that, of the 87 parental plants tested, 3 produced self-pollinated and 
open-pollinated progenies showing highly significant differences in 
morphological variability. In 2 instances, the plants of the open- 
pollmated progeny were more variable than those of the self-pollinated 
progeny; in 1, the reverse was true. However, results with by far 
the greater number of plants tested, 84 out of 87, show no indication 
of significant differences between the morphological variation foimd 
in self-pollinated progenies and that found in open-pollinated progenies. 
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ANALYSIS OF ALL PROGENIES 

In addition to the 87 plants discussed in the foregoing section, 
there were 28 parental plants which, because of failure of seed set 
under bag, gave only open-pollinated progenies. Since the previous 
analysis has suggested that, in general, no statistically significant 
differences exist betwecui self-pollinat('d and open-pollinated progenies, 
those from each parent plant have been combined, giving an average 
population of 100.0 ±1.0 for each plant. The total number of plants 
in the experimental nurseiy, upon which this study is based, was 10,060. 
This nursery contained oflspring of 115 select('d partuital plants of Ken¬ 
tucky bluegrass, wdiich wore chosen as i-epreseriting th(‘ I’angc of 
morphological typ(‘S found in the species. Table 4 presents the data 
on germination, polyembryony, survival, and variability obtained 
from these plants. 


Table 4.— StatiNlical data from progenim of Ito parental plants 


Item 


Germination: 

Combined progenies *. 

Open pollination ».. . 

All progenies * . 

Polyombryony: 

Combined progenies« .. . 

Open p<»llination 3 . 

All progenies *... . 

Survival: 

Combined progenies *. 

open ])ollinatlon * . . 

All progenies * _ . 

Variability: 

Combined progenies 2 ... 

Open pollination *. 

All progenies C . ... 

Size of progeny (number of plants): 
Combined progenies 2 (8.697) .. 

Open pollination 3 (1,369). 

All progenies < (]0,0(56)«. 


Mt*aii 

T>ifT(‘n*nce > 

t 

liOWPSt 

valuf 

; Ilighost i Standard 
i value j dovifition 

Percent 



l^ercent 

: Percent j 


S1.4±l.] 
76.9d-2.9 

I 4.543. 1 

1.45 

f .y.. 0 
( 32.0 

; 9s 0 

i 99. 0 1 

10. 5 
1.5, 2 

80. a±i. 1 


. . . 

32.0 

1 99.0 ! 

12. (1 

7. . 7 

.5.6±1.0 

} 1.941.2 

J.58 

) 0 

1 31.6 i 

21.3 1 

6.2 

7.04: .7 



0 

' 31.6 j 

7.0 

85.94:1.1 
87.542. 2 ' 

} 1.642.0 I 

.64 


i 98. 3 1 

100,0 1 

10.6 
11.8 

86. .341.0 

1 - ! 

1 

! 1 

1 :-r 

100.0 1 

10 4 

12.941.4 ; 
20.542.7 

1 7.643.04 

! > 2. 50 ! 

3.1 

65. 5 j 
.54.2 j 

13. 3 

14. .5 

14.841.3 i 



! 0 

; 6.5 5 1 

1.3.9 

Naviher 

1 


Number 

I Number j 


I(H).041.6 



29 

! IIH j 

1.5. 2 

j 48.942.0 

i ! 


1 

- - - 1 

32 

! j 

10 8 


J /»*»0.0f)atf=1.9(*. r^Om at t^2M. 

2 Progenies of S7 plants. 

3 Progenies of 2H plants. 

* Progenies of ll.') plants. 

3 Total number of plants in nursery. 


The averag(i pcrceiitago of occurTcri(*c of polyo.uibiyouy in the seeds 
that germinated was 7.0 ± 0.7. Figure 5 gives the distribution of 
values for polyembryony in the 115 prog(*nics. Only 4 plants failed 
to give twin seedlings. In the histogram the solid black bars indicate 
those progenies in wdiich polyembryony was represented by only twin 
seedlings, the cross-hatched bars those progeni(‘s in which ti'iph^ secni- 
lings appeared in addition to twin seedlings. The highest value ob¬ 
tained for the frecjuency of triple scM^dlings was 4,3 percent, in a 
single open-pollinated progeny giving a value of 27.8 piTc-ent for poly¬ 
embryony ftwdns plus triplets). As mentioned previously, the ap¬ 
pearance of triple seedlings was invariably associated with a high 
incidence of polyembryony. 

All available infoimation gives an average percentage variability 
of 14.8 ±1.3 for the progenies from the 115 selected parental plants 
of Kentucky bluegrass. The distribution of values is given in figure 
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6. Only 4 of the 115 ])lants gave progenios showing complete uni¬ 
formity. A majority of the prog(*nics (62) had varialulities between 
0.1 perc(‘nt and 12 percent. A smooth curve to tit the distribution 
should be expected to show a modal value of approximately 7 percent. 

Ther(‘ is a diflen'iice of 7.6 between the variability in 87 parental 
plants that gave* self-pollinat(‘d prog('nies (12.9 percc^nt) and the vari- 
aliility in 28 ])an*ntal plants that set no seed under bag (20.5 percent). 
This difference is statistically significant (7—2.50, P<0.05) and indi- 



POLYEMBRYONY (PERCENT) 

Fioure 5.—Distribution of combined average values for polyciiibryony in self- 
pollinated and open-pollinated progenies from 115 plants of Kentucky blue- 
grass. 

cates a tendency for plants that are sterile under bag to be more 
sexual than other, more fertile plants in their mode of reproduction. 

CORRELATION STUDIES 

In these studies an attempt has been made to determine whether 
significant relationships exist between morphological variability in the 
offspring of a plant of Kentucky bluegrass and any one of several more 
easily and cjuickly determined criteria from the same plant. The 
analysis centers around variability, for this is the feature in wdiich the 
plant breeder is ultimately most interested. 

Source or Material, and Variability 

Figure 7 shows the distributions of variabilities found in the prog¬ 
enies of 116 parental plants of Kentucky bluegrass arranged on the 
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basis of source of the parental stock. A shows the progenies of 10 
plants from introductions and numbered strains; J9, the progenies of 
28 plants from pasture sources; and O, the progenies of 71 plants 


A* 115 .V* 14.8 ±1.3 



0 ai 2 4 • S 10 12 14 t6 IS 20 22 24 20 28 JO 32 34 36 3ft 40 42 44 4« 42 50 52 54 5e sa 60 62 M M 


13.3 ±1.6 


l2l6l6l6 202rM26 26J0 32 34 M364042 44 464SS0 52 54 S6M6062ft4M 
VARIABILITY (PERCENT) 

FiOXJRB 7.—Distribution of values for variability in progenies from (.A) introduc¬ 
tions and strains, (B) pasture sources, and ((7) commercial seed sources. 

front oommeroial seed sources. None of the differences between the 
averii^es for percentage variability is statistically significant 
OMf <»o»=^0-88» fxc— 1 -29). There is, therefore, no evidence from tiiis 
iBg^erial that plants of Kentucky bluegrass from peature sources and 
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plants from commercial s(^cd sources differ significantly in apomictic 
behavior, nor do ])lants from selected strains show very pronounced 
apomictic bc'liavior in comparison with plants from other sources. 

Seed Set Under Bag, and Variability 

As mentioned previously in the discussion of seed set under bag in 
the 115 selected panuital plants, the 30-percent l(‘vel of seed set 
apparently provides a convenicuit measure of a plant’s ability to set 
seed under bag, with little distortion of results by environmental 
forces. Figure X shows the distribufion of percentage variability in 
the progenies of plants separated on the basis of seeil set iiiidcT bag. 
A shows th(* progenies of plants that set less than 30 percent under 


A 




yV=40 .V= 18.0 ±2.1 




0 o.\ z 4 6 a 


to iZ 14 16 16 20 2? 24 26 28 30 32 34 36 38 40 42 44 46 46 SO &4 &6 » 60 62 64 66 

VARIABILITY (PERCENT) 



variability (PERCENT) 


Figvre 8.—Distril)Utioii of values for variability in progenies from (yl) plants 
witJi less than 30 percent seed set under bag, and (B) plants with more than 
30 percent seed sot under bag. 

bag; h\ the progenies of plants that set more than 30 percent under 
bag. The diff(‘rence of 4.9 ])ercent between the averages for per¬ 
centage variability is not statistically significant (f==1.88). 

Correlations ob' Variability With Germination, Polyembryony, and 

Survival 

Table 5 contains the tabulations of correk*tioiis between (1) ger¬ 
mination and polyembryony, (2) germination and variability, (3) 
polyeinbryony and variability, and (4) survival and variability. Both 
the simple correlations and the second-degree partial correlations are 
given. 

Column A contains the correlations in 87 self-pollinated progenies; 
coluimi B, those in 87 open-pollinated progenies; and column C, those 
found after combining self-pollinated and open-pollinated progenies. 
Column D, headed ** Corrected for attenuation,contains the correla¬ 
tion values calculated by the procedure suggested by Kemp (i7), 
which makes use of paired values to eliminate systematic sanipling 
errors. The values obtained by this procedure indicate the maximum 
degree of correlation existing in the material. Column E contains the 
correlation values obtained by using all available data from the 115 
selected parental plants of Kentucky bluegrass. In the discussion that 
follows, reference will he made only to column E. 
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Table 5. —Correlations of variahility with germination^ polyembryofiy^ and survival 
in progenies of Kentucky hlucgrass 


Items (iompariMi 


(iennination (G) aud polyembryony (F); 

ror.iv- - . .. ---- 

Germination (G) and variability (V): 

Tav.,---- - 

--- - - ... 

Polyeinbryony (P) and variahility (V): 

Tv\ .-.-. .- - 

rvv*«n-- — - - .. - 

Survival (S) and variability (V): 

rav. . 

ra^.po..-. . .. - 



(B) ] 

(C) 1 

(D) , 

(E) 

i Solf-polli- , 
i natj^d prop- 
1 of 1 

1 K7 plants 1 

0 |M‘n-p()lli- i 
nalvd prop- ,1 
onifs of 

87 plants 1 

roinbined | (\)rr<*C’tt'd | 
proponips i for alfonu- i 
of j ation | 

87 plants i (87 plants) , 

.\11 avail¬ 
able data 
(J 1.5 plants) 

1 1 

j +0.2()2 j 
I +.2Uli ! 

+0.130 , 
+. 140 1 

i 

1 +0.210 ; 
+.203 ' 

1 

2 +0.310 ! 
i +.390 ! 

3 +0. 222 
3 +. 202 

: « -. 22.5 i 
' -.0.52 , 

-Am) 1 
+.007 ! 

1 i 

3 -..380 i 
+.(K1S i 

* 235 

~. 133 

-.107 i 
173; 

-.108 I 

-. 177; 

» -.210 

1 -. 23.5 i 

' 200 1 
3 -. 391 1 

3 -.20.5 

3 -.218 

i i -.432 : 
* -.401 ; 

« -.20.5 i 

1 -.200 ! 

^ -. 444: 
i -.432 

3 -. 04.5 1 
3 -.MO 1 

* -. 380 

* 378 


1 at r=0.2n8. s /»=^0.0.'> al r^O.lSO. 

^ P^O.dl at r»= 0.270. * P--0.01 al r=0.23'i. 

There* is a significant negative association between variability and 
polyeinbryony. The value for the simple correlation is —0.205 



Fits TIRE 9.—Correlation of variability with polyeinbryony in progenies of 115 

parental plants. 

(P<0.05) (fig. 9). The value for the partial correlation, holding 
germination and survival constant, rises somewhat, to —0.218. There¬ 
fore, it may be said that in general there is a tendency for the higher 
percentages of morphological variability in the progeny of a plant to be 
associated with the lower percentages of polyembryony, and vice versa. 
This relation, however, cannot be stated positively, because of the 
barely significant values obtained for the conelation. A study of the 
character of the scatter diagram in figure 9 suggests the possibility 
that two groups may be present: (1) A group of plants whose progenies 
show a very high negative correlation between variability and poly¬ 
embryony and (2) a group whose progenies show no association be¬ 
tween these two characteristics. These selections of Kentucky blue- 
grass appear to be sufficiently diversified and heterogeneous to permit 
this supposition. The fact that the loss of plants was unusually high 
in some progenies has already been mentioned. The question thus 
arisep as to whether practically all of the plants that failed to survive 
were not actually weak aberrant forms unable to survive under field 
ctoditions, The highly significant correlation value of —0.380 be- 
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tween survival and variability suggests this (fig. 10). Holding germi¬ 
nation and polyeinbryony constant, the value for the partial correla¬ 
tion is — 0.378 (P<0.01). This degree of negative correlation between 
survival and variability implies a tendency for the most variable 
progenies to lose the most plants. 

COMPARATIVE VARIABILITY OF PLANTS FROM SINGLE-EMBRYO SEED AND FROM 

POLYEMBRYO SEED 

Facilities were not available for as complete an analysis of the twin 
and triple seedlings as was made' of the single seedlings. It is, 



0 10 20 30 40 50 60 70 


VARIABILITY (PERCENT) 

Fkm'Ke lO.- ('orn*]ati<;u of variability ^^ith survival in progenies of 115 parental 

plants. 

how(*ver, ])ossible to obtain an average figun* for tlu' Viiritibility in 
the polyt'iubryo material. Table 0 gives the complete' analysis. 
Of the 290 tri])le and twin sets that contained plants differing morpho¬ 
logically, 73 sets (09 twin-s(M*dling pairs and 4 triple-seedling groups) 
were put into the field and grown to maturity. At maturity, it was 
ascertained that 11 of the twin pairs consisted of identical plants. On 
the basis of this error in identification of abe'rrant pairs in the green¬ 
house, a correction factor of 84 percent was utilized. Thus, out of 
1,441 plants from seed containing more than 1 embryo, 290 to 244 
(84 percent of 290) may be considered aberrant. This calculation 
gives the value for variability in plants from twin and triple seedlings 
as 20.1 to 16.9 percent. The true value is in this range, with the 
greater likelihood that it is nearer 16.9 percent. This percentage is 
to be compared with the variability of 13.1 percent found in plants 
from seeds with a single embryo. The chi-square test indicates that 
great significance may be ascribed to this difference (x^= 16.85). 
Therefore it may be said that variability is significantly higher among 
plants derived from polyembryo seeds than from plants obtained 

549593—48-2 
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from single-emb^o seeds. But while the extent of morphological 
variation is significantly different between these 2 populations, the 
nature of this variation is the same. Plants of the same general 
morphological types may arise from either source. 


Table 6 .—Comparative variabilities in plants from polyembryo seed and in plants 
from single^embryo seed ^ 


Kind of seed 

Plants— 

Individual plants-• 

Oroup.s of 
plants— 

Variability 

Appearing 

Surviving 
for study 

Sur¬ 
viving 
after ; 
germi -1 
nation 

Alwrrant 

Dls- 

cardotl 

as 

identi¬ 

cal 

Dis- 

similar 

or 

ques¬ 

tionable 


Num- 

Per- 

Num- 

Per 

Num- 


' Nurrr- 

Num- 



b€r 

cent 

bn 

cent 

ber 

Number 

ber 

ber 

Percent 

Poly embryo... 

1,196 

7.4 

711 

80.05 

1,441 

2tKK2 244) 

421 

2 t)0 

20. l(«16.9) 

Triplets. 

39 

.24 

19 

82.9 

.57 

4 

15 

4 

7.0 

Twins. 

1,157 

7.2 

692 

80.0 

1.384 

286 

406 

286 

20.7(U7.3) 

Single embryo. 

14,888 

92.6 

10,066 

86.9 

10 ,m‘>6 

1,314 



13.1 


‘ Number of seeds started, 19,858; number Kerminaled, 16,084; germiuolion, 81.0 percent. 
3 Corrected value (see p. 241). 


Where the components of twin seedlings and of triple seedlings 
were identi(*al, the type of plant invariably conformed to that of the 
parent. Where triplets W(^re dissimilar, one plant was larger and 
more vigorous and two plants were identical with the parent ])lant 
type. In the triple seedlings no aberrant plant was smaller or less 
vigorous than the parent, plant, but this observation can hardly be 
significant in view of the small number of triplets (19) available for 
study. Where twin seedlings were dissimilar, the aberrant plant 
almost invariably appeared first as the smaller and slower growing 
seedling, although it generally became the larger and more vigorous 
plant of the pair. Therefore it would s(‘.em that the aberrant, or 
sexually produced, member of a dissimilar pair of seedlings usually 
comes from an embryo that for some reason is later in germinating 
than the apornictically produced embryo associated with it. 

ABERRANT PLANTS IN PROGENIES 

Representative parental plants, apornictically reproduced offspring, 
and aberrant sexually produced offspring were analyzed to determine 
the relative rate of polyembryony between parental plants and 
offspring and also the occurrence of albino seedlings, since a few of 
these had appeared in seed lots of the original material. Open- 
pollinated seed was germinated in Petri dishes in the manner described 
previously in connection with the experimental nursery. 

The probable chromosomal complements of many of the aberrant 
plants were determined by an analysis of pollen-grain size. These 
results are presented and supplemented with actual chromosome counts 
in a number of instances to show the manner of origin of the aberrant 
plants. 

Polyembryony 

The results of an analysis of relative rates of polyembryony are 
pi^sented in table 7. In each family P represents the parental plant; 
Af tlie apornictically reproduced type; and the other letters refer to 
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plants of the progeny that deviated from the parent type in mor¬ 
phological characters and are presumed to have arisen by sexual 
processes. Determinations are shown on seeds from 39 plants (5 
parental and 34 offspring). It was found that the percentage of 
polycmbryony in 9 offspring plants was significantly different from 
that in the parents; all had significantly lower rates. (Two aberrant 
plants in progenies not included in the table had rates of polyembryony 
significantly higher than those of the parent plants.) In only 1 in¬ 
stance did the parent and the apomictic type differ significantly in 
rate of poly(‘mbryony, but germination in the latter was poor and 
sampling errors may acc^ount for the observed difference. The value 
of (4.77) is barely beyond the 5-pcrcent point. 


Table 7.— Pollen-grain size, chromosome nitmber, poly embryony, and albino seed¬ 
lings in selected plants of Kentucky bluegrass and their progenies 


Illu.stration und plaijl-podigm* 
No. 

Pollen- 
grain sire 

Cbroroo* 

Total 

t»<‘<‘d 

germi¬ 

nated 


some 

number 

Trip- 

lets 

Figure 11: 



Number 

nets 

i*,37-KB 1 (11). parent. 


rt56 

279 

0 

.4,38-KB 3 (K). tyjK' . 


.56 

99 

0 

Ji, 38”KB 3 (0) . 


±^48 

0 

0 

(;, ;iH-KB 3 (9). 


0) 

0 

0 

i>,3S-KB4(4). 


=fc50 

30 

0 

K, 3«-KB 4 (7). 


=fc.50 

234 

0 

>’,38-KH4(3) . 


rfc68 

252 

0 

Figures 12 and 13. 

/*, 37-KB MO (11), parent 

6 25. 0:LO. 3 

±45 

303 

0 

, l,3«-KB 130 (4Mypp. 

25.2± .2 

±45 

439 

0 

13(1 (8). 

5 34. »± . 6 

±62 

207 

0 

38-KB 130(21). 

* 33. i± . 5 

±70 

145 

0 

It, 3S-KB 130 (13). 

•':«.8=fc .4 

±60 

229 

9 

A’.Oi^KB 130 (20). 

5 32.2Tlr .6 

±67 

25^^ 

0 

i>’.38~KB 130(1). 

^32.4dL .6 

rtOO 

1951 

0 

No figure: 





37-KB 172 (14), parent 


rt8U 

90 

1 

3M KB 195 (1), type . . 



1,57 

1 

38-KB 195(21)... 


±42 

12 

0 

:iS-KB 190 (1), type 

38-KB 190 (5).. 


. . 

171 

4 


110-120 

182 

0 

Figiire.s 14 and 15: 





37-KB 175 (M), piireiit -- 

«29.0i .7 

±50 

213 

1 

^l.;iS-KB 200 (10), tyiw . .. 


±50 

382 

0 

JL 38-KB 2tXi (1) . 


34 

0 

U 

C.', 38-KB m (11).. . 


(') 

43 

0 

n, 38-KB 206 (4). 


C) 

99 

0 

F;, 38-KB 206 (8). 

ai7^5:■t .3 

C) 

2 

0 

F, SH-KB 2(K> (0). 

[ 30.O:t.7 

(•) 

186 

0 

0, 38-KB 206 (28). 


i') 

1H5 

0 

//, 38-KB 205.(6). 

»25.9± .6 

C) 

175 

2 

1, 38~KB206 (14). 

30. Si . 4 

o 

108 

0 

Bu 38-KB 206 (62)-l. 

5 21 8dr .4 

±48 

0 

0 

Cl, 3t4-KB 206 (63)-l. 

*26.4* .5 

C) 

199 

1 0 

C%, 38-KB 206 (63)-2, tyiw . 

30.7d: .4 

±50 

m 

0 

Figure 16: 





P, 37-KB 135 (181), parent . 

«29.5d:l.O 

42 

242 

0 

^,3}4-KB 118 (40),tyi»e. ... 

28.1:tl.4 

42 

216 

0 

P, 38-KB UK (47). 


(*) 

195 

0 

C, 38-KB 118 (42) , . 


±42 

172 

0 

P. 38-KB 118 (36). 


±45 

170 

0 

P, 38-KB 118 (30) 

4 22. 3± '3 
»34.6A .5 

±40 

128 

0 

P.38-KH 118 (46). 

±75 

165 

« 

! 


i’olycmbryony 


I 

Twinsj 'I'utal 


Albino 

lings 


Pairs \Xinntfer [Percent 'lA'Mmfcfr 


13 

13 

4.7 

22 

0 

0 

3() 

2 

0 

0 


0 

0 


1 

1 

3.3 


6 

6 

2.6 

4 

0 

0 

*0 


7 

7 

2.3 


7 

7 

1.5 

____ 

2 

2 

.9 


0 

0 

0 


5 

5 

2.1 


1 

1 

.3 


7 

7 

3.5 

. . .. 

21 

22 

24.4 


39 

40 I 

25.5 


0 

0 

(?) 


44 

48 

25. 7 

.. . 

17 

17 

3 9.3 

. 

18 

19 

8. 9 

1 

30 

30 ! 

7.8 

. 

0 

0 



0 

0 

0 


3 

3 

3.0 


0 

u 



16 

10 

8.6 


2 

2 

» 1.1 


22 

24 

13. 9 


‘I 

1 

i.9 


0 

0 



1 

1 1 

i ‘-5 


37 

37 

12.2 

«6 

10 

10 

4.1 


4 

4 

1.9 


15 

16 

7. 7 

. 

1 

1 

3.6 


0 

0 

30 


9 

9 

7.0 


2 

2 

1.2 



• Based on total number of seeds germlnate<i. 

* i albino single. 1 pair of twins: 1 member albino; 3 memljers green. 

»P< 0.05. 

< No material. 

»P<0.01. 

• Standard of reference. 

»Dlnloid. 

* 3 albino singles, 1 pair of twins: 1 member albino; 1 n»ember green. 1 pair of twins, both albino. 
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The points of inten^st in connection with these studies on relative 
rates of polyembryony are as follows: 

(1) Apomictically produced plants show the same rates of polyem¬ 
bryony as their respective parents, indicating a heritable control of the 
production of polyembryonic seed. 

(2) Of the 58 aberrant plants tested, 47 did not differ significantly 
from thtnr parents in rate of polyembryony, 2 had a significantly higher 
rate, and 9 a significantly lower rate. There is no association be¬ 
tween plant type or manner of origin and rate of polyembryony. 

Albino Sekdlinos 

Albino seedlings have appeared in progenies of two plants. 

Selection S7-KB 1 {11 ).—This plant and its offspring are discussed 
in a later section. Evidence indicates that it is perhaps tin* most 
sexually n'produced of the selected material. In 279 g(*rniinate(l seeds 
of the plant shown in figure 11, -P, there appeared 1 albino single 
seedling and 1 albino seedling associated with a grc'i'ii sec^dling from 
a twin-embryo seed. Two progenies from its offspring hav(^ contained 
albinos. One was the progeny from an apomictically r(‘pr()diiced m(*m- 
ber of the population (see fig. 11, .^4), which gave 2 albino single seed¬ 
lings in 99 germinated S(*ed; the oth(‘r was an aberrant plant from the 
same population (see fig. 11, E), which gave 4 albino single seedlings 
in 284 germinated seed. 

Selection S7-KB 175 {Ui ).—This plant and its prog(‘ni(*s are also de¬ 
scribed in a lat(*r s(*ction. In 213 seedlings frojn the parent plant 
shown in figure. 14, th(‘re appeared 2 albino S(‘(*dlings. An apomic¬ 
tically reproduced plant of its progeny has given a surprisingly large 
number of albinos. (See fig. 14, (\ ) This plant was associated with 
Cl in a pair from a twin-embiyo se(*(l. In 303 germinat(»(i s(‘(*(ls, there 
were 3 albino single seedlings, 1 albino seedling that occurred with a 
green secdlhig to comprise a pair of twins, and 2 albino seedlings that 
occiirr(*d together as twin seedlings. No albinos have appc'ared in 
seedlings from any aberrant plants obtained from this parent. 

Cytological Stcdibs 

Pollen rneasuremenfs. —Mature* pollen grains were mount(*d in aceto- 
carmine, and their diameters measured by means of a filai* jni(*rom(*ter. 
The number of grains measured per plant ranged from 20 to 25. The 
small number seems entirely adequate, judging by the sizes of the 
standard errors, which are decreased, on the average, only about 0.3 ai 
when A^= 100. 

The measurement of pollen grains is useful in determining gross 
chromosomal changes, since, as has been found in numerous plants, 
pollen-grain size is proportional to chromosome number. This has 
been applied to Poa by Miintzing and the writer (7). The results 
are presented in table 7 and require little individual comment. The 
fact is perfectly clear that the pollen of many of the aberrant plants 
is significantly different in size and may be assumed to reflect the 
chromosomal complement of the plant. In no case did the size of 
the pollen of the apomictically reproduced progeny differ significantly 
from that of the parental plant. However, Uic aberrant plants, on 
the basis of pollen-grain size, may be placed in one of three categories: 
(1) Pollen significantly smaller than the parent, indicating lower chro- 
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mosom(5 numbers; (2) pollen significantly larger, indicating plants 
with a great increase in chromosome number, probably ^^triploid^^; 
and (3) pollen not significantly different, indicating chromosome num¬ 
bers so near that of the parent that the pollen differences did not give 
statistically significant values; these aberrant plants are ^‘diploids by 
amphimixis/’ 

Chrornosome counts .—The somatic chromosome number was ob¬ 
tained from root-tip divisions. The material was killed and fixed in 
the modification of Navashin’s fluid proposed for Poa by ^Miintzing 
(7,9). The material was dehydrated and embedded by the procedure 
devised by Kandolph (^9), sectioned at 12^, and stained by the 
modified crystal-violct-iodine technique proposed by Smith (Si). 

The extcuit and nature of chromosomal phenomena in Poa pratensis 
have been analyzed in very detailed studies by Miintzing {19. 20^ 
21. 22). Annsti*ong (6), and Akerberg (4). Therefore it has not 
h(‘en thought necessar-v in this stud,y to (lo moi*(‘ than determine the 
manner of origin of tbe aberrant or sexually producrul plants* that 
have ap})eare(l in the writer’s material. Soim* indi(‘ations of their 
probable chromosomal complements have already been obtained from 
a study of morphological features and pollen-grain size. 

The results of the cytological study are tabulated in table 7. It 
is s(‘en that by far the gi’catest number of the aberrant plants are to 
be consid(M’ed as arising through tin* h'rtilization of redu<‘ed egg 
cells by reduced polhui grains, since their chromosonu' numbers do 
not d(*viat<* markedly from the chromosome number found in the 
])arent plant. Two “haploid” individuals have been identified, one 
of whi(h is shown in figure 14, B. Triploid aberrant plants have 
been idiuitified with (‘ertainty in 12 instances. These plants arc 
usually of increased vigor, but in 2 instances the triploid plants w^ere 
decid(*dly less vigorous than the parental plant. This might indi- 
cat<* that chr'omosomal multiplication in Poa is subordinate to genic 
constitution in the d(‘lenninatioii of plant vigor. Of considerable 
int('rest is the })rog('ny shown in figure's 12 and 13, where (*very alxu- 
rant ])lant studi('d has Ix'cn demon.sti*ated to be of triploid origin. 
On tlie other hand, in the progeny of the most highly s('xual plant 
atudi('(l (see tig. 11), all aberTant plants presumably have arisen by 
the union of iTduced ('gg and spenn; that is, tlu'v are “diploid by 
amphimixis.” 

Only two pair's of twin s(»(allings have been studied cytcfiogically. 
In ('ach instance, the aberrant plant has been shown to be of probable 
diploid origin. The aberrant plant of a group of triple seedlings has 
been shown to bo a triploid. 

To summarize the results of the cytological studies, we may enu¬ 
merate the following points: 

^ (1) The aberrant plants that have appeared in the progenies of 
Kentucky bluegr'ass may be classified a(‘cording to their manner of 
origin as haploids, sexually produced diploids, or tilploids. The 
diploids have been by far the most prevalent abc'rrant type. The 
haploid individual eitlKu* is of infrr^quent origin or fails to survive. 

(2) Pollen-grain size is of value in identifying certain types of 
aberrant plants but must be used wdth caution when applied to the 
identification of others. Pollen size may be used with complete re¬ 
liability, for example, in identifying plants of triploid origin and 
sexually produced diploids. Its use in presuming a plant to be of 
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haploid origin if its pollen is significantly smaller than that of the 
parent plant is not reliable, since many aberrant plants with extremely 
small pollen grains have been shown to have chromosome numbers 
not greatly different from the parental type. Presumablv, if the 
aberrant plants are of low vigor, as many arc, physiological factors, 
such as rat(*. of growth and efficiency of nutrition, may cause the 
formation of smaller cells than sliould theoretically be produced on 
the basis of the plant's chromosomal complement. 

(3) wSimilar chromosomal conditions are present in aberrant plants 
whether produced from seed with multiple embiyos or from seed 
with a single embryo. There is thus no essential diffenmee in their 
manner of origin. 

DESCRIPTION OF REPRESENTATIVE PROGENIES 
Selection 37-KB 1 (11) 

Plant- 37~KB 1 (11) (fig. 11) was obtained in a progeny grown 
from seed collected in a West Virginia pasture. It was of moderate 
vigor and spread, fairly leafy, and not veiy coarse. It flowered pro¬ 
fusely in the greenhouse, where it set seed well under bag. Subse¬ 
quent bagging in the field showed fertility to be (piite high, well 
over 60 percent se(‘d being set under bag. 

Selj-pollinated 2 )rogeny 38-KB 3. — Germination of seed, 04.0 jier- 
cent; polyembryony, 3.1 percent. Survival of plants was the low(\st 
observed (21.5 percent), only 12 of the original 5() plants peisisting. 
Of these 12 surviving plants, 7 differed from the parc^ntal typ(‘, a varia¬ 
bility of 58.3 p(‘rc(‘nt. Three of the 7 were similar, being much larg(‘r 
and coarser than the jiarent, and very stemmy (fig. 11 , F). I'he 
other 4 were less vigorous than the parent. One (B) was an exceed 
ingly small plant, liaving short, narrow, dark-gr(?en leaves and few 
culms, one-third as tall as the parent and with extrcunely small panicles; 
another (O') was veiy erect in its gi'owth, had little^ s])r(‘ading ability, 
and its leaves were narrow, wiry, and light griu'ii. The other 2 of the 
aben-ant plants, that were h^ss vigorous than the j)arental type, though 
not so extreme as the 2 just described, diffia-ed unmistakably from tlu^ 
parent. 

Open-pollinated progeny 38~KB 4 . —Germination, 56.0 percent; 
polyembryony, 3.8 percent. Survival was very low (34.0 p(U‘cent), 
only 17 remaining out of an original 50 plants. Fourte(*n of tlu'se 
plants differed from the parental type, a variability of 70.6 percent, 
the highest obtained. Eight of these were more Vigorous; 7 were 
similar and corresponded in type of plant to the group of 3 already 
described in the selfed progeny (fig. 11, E). The other, more vigorous 
plant was not so tall but was a vigorous spreader. Its leaves were 
jnore numerous and were dark green (fig. 11, £'). The other aberrant 
plants were smaller and less vigorous than the parent. One is showm 
in figure 11, 

No complete set of twin seedlings survived for study, and, in view 
of the high rates of loss of plants and variability and the high correla¬ 
tion between them, the conclusion may be reached that all twin pairs 
had dissimilar members. The aberrant plants were presumably too 
weak to survive. 

These progenies of a plant obtained from a pasture source have been 
described in some detail becjiuse they present certain extremes in 
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Figure 11 . —P, Kentucky bluegrass parent plant 37-KB 1 (11), showing 
lure field habit. An apomictically reproduced matroclinous plant, 38~KB 
3 (8), of its progeny. B-P, Five aberrant plants of its progeny: B 38r~KB 
3 (6); C, 38~KB 3 (9); D, 38~KB 4 (4); 38-KB 4 (7); and P, 38~KB 4 (3). 

Plants A, B, and C occurred in the progeny from self-pollination; plants B, 
B, and P, in the progeny from open pollination. P and A have the same 
chromosome number; counts on B, B, B, and P indicate they are “diploids 
by amphimixis.” No information is available for plant C. 




Fioxtre ]2.— P, Kentucky bluegrass parent plant 37“KB 140 (11), sihowing mature 
fidd habit. A, An apomictically reproduced matrocliiious plant, 38^KB 130 
(4), of its progeny. li-F, Five aberrant plants of its open-pollinated progeny: 
jS, 3^ KB 130 (8); C, 38-KB 130 (21) ; />, 3i^KB 130 (13); E, 38~KB 130 (26) • 
and F, 38~KB 130 (1). No self-pollinated progeny was available. Plants P 
and A have the same chromosome number; counts on B, C, /), P, and F indicate 
fJl are triploids and presumably arose through the fertilization of unreduced 
eggs by reduced pollen. 
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b(*liavior and soni(‘ rather interesting relationships. The points of 
interest are (1) good set'd set under bag; (2) poor germination, 60 per- 
cvnt; (3) a low value for polyembryony, 3.3 percent; (4) the lowest 
value obtained for survival, 27.5 percent; and (5) the highest value 
obtained for morphological variation, 65.5 percent. It has been 
shown that abturant plants in the progeny may show a wide range of 
types, that these may be either more vigorous or less vigorous than 
tlu' parental tyj)e, and that similar aberrant plant types are obtained 
in self-pollinated and open-pollinated progenies. 

Sklection 37~KB 140 (11) 

Plant 37“KB 140 (11) (figs. 12 and 13) was selected in a progeny 
from commercial s<*ed grown in Kentucky. Jt was in no way repre- 
s(uitative of tlu^ plants from commercial seed but is presented as one 
of th(' most unusual plants of Kentucky bluc'grass in the selected mate¬ 
rial. Leaves wert* numerous, light grcMUi in color, and were' the nar- 
row(‘st found in tlu' niuscTy from wliich sel(‘(‘tions were made. . The 
plant had also a decid(‘dly dithu'ent type' of growth. Rhizomes were 
unusually ])oorlv dev(‘lo])ed, and the plant assumed the app(‘aranc(‘ 
of a “bunch” grass (fig. 12, P and A). Panicles were delicate in tex¬ 
ture and spikelets extnunely small (fig. 13, P and A). This plant has 
never flowered in tlu* grt»enh()U.s(‘. It has b(‘en entindy sterile under 
conditions of bagging in th<‘ field. Setal set was poor on opcui pollina¬ 
tion. 

(Ipen-pollinoted progeny SS-KB --(lerinination, 76 pcTcont; 
])olyembrony, 3.6 porc('nt; survival of plants in the fi(‘ld, 90.5 percent; 
variability, 27.1 perccuit; 13 of 48 plaids wert^ aberrant. These plants 
diff(‘red from most groups of aberrant plants in that none of them was 
smaller or 1<‘8S vigorous than the parental plant. No 2 wen* quite 
alike, but instead presentc'd a gradual rangt* of tyi)es from the plant 
shown in figures 12, /?, and 13, 7i, which had a type of growth similar 
to the parent plant but which was dark(*r gn^en and had somewhat 
wider leaves, to tin* extreme type shown in figures 12, K, and 13, E, 
which had an (*ntir(*ly different habit of growth and plant (‘haracters. 
This jdant was vigorous and s])reading, with d(*ep-gre(‘n leaves, 
unusually broad anil thick, and panicles and spikelets miadi larger 
and heavier than those of the parent. 

No twdn s(*edlings of this plant were available for study. 

Selection 37-KB 172 (14) 

Plant 37~KB 172 (14) was obtained in a unifonn progeny grown 
from seed of the strain of Kentucky bluegrass Ottawa 994 and also 
Minnesota P-37. It w’as unusually high in vigor, with good spread 
and with leaves numerous, broad, and the longest found in the nurseiy. 

No flow^ering occurred under greenliouse conditions. In the fiedd, 
the plant was later in its blooming date than the bulk of Kentucky 
bluegrass material and produced comparatively few" panicles. Seed 
set under bag was poor, less than 30 percent. 

Selif-pollinaUd progeny S8-KB 19S, —Germination, 59 percent; poly¬ 
embryony high, 20.3 p^ercent; survival in the field, 68 percent; vari¬ 
ability, 3.1 percent. The progeny was remarkably unifonn, confoim- 
ing exactly to the parental type plant. Out of 32 plants, only 1 
aberrant plant was found; this was very small, witli no spread; the 
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Figube 13.—Mature panicle characters of the plants shown and described in 

figure 12. 




Sept. 15, J043 


Seed Formation in Kentucky Bluegrass 


251 


leaves were short, wiry, and light green; the culms reached only one- 
third the lieight of the parent, and the panicles were short and veiy 
small. Chromosome counts showed this plant to be haploid. 

Open- 2 )ollinated nrogeny S8-KB 196. —Genniimtion, 83 percent; 
polyombryony the liigiiest found (36.1 percent), with a liigh incidence 
of triple seedlings (2.4 percent); survival, 83.5 percent; variability, 
2.4 percent. The open-pollinated progeny w-as also uiiifonn, except 
for 1 plant in the population of 41. This differed from the parental 
type in being more leafy, wdth leaves wdder and darker gre(;n, culms 
not so tall as in the parent, but panicles significantly larger and 
heavier. Chromosome counts Indicate this plant to be triploid. 

Forty-two pairs of twin s(‘edlings were obtained from 142 gemii- 
nated seed of this plant. Of these, only 26 pairs survived for study, 
4 of wliich wHire dissimilar. Of these, 1 aberrant plant showed greater 
vigor and larger foliage*, than its twdn; the other 3 were smaller than 
their respetdive apomictic twins. This represents a variability in the 
surviving plants from twdn seedlings of 7.9 percent. No triple seed¬ 
lings survived as intact groups of 3 available for study. 

This parental plant and its progenies are presented to establish the 
following points of interest: (1) Foor seed set under bag; (2) com¬ 
paratively poor germination, 71.0 percent; (3) an unusually high value 
for polyembiyony, 31.6 percent, the highest obtained; and (4) practi¬ 
cally complete confonnity to tin* parental type in the progenies, 
variability being 2.7 perc(‘nt (2 i)lants out of 73). 

Selection 37-KB 175 (14) 

Plant 37-KB 175 (14) (figs. 14 and 15) was selected in a progeny 
gj'own from seed of a strain (O. A. C. No. 1) of Kentucky bluegrass 
r(‘ceived from the Ontario Agricultural College. It was a bunchy, 
compact plant; the leav(*s were short, broad, and dark green; the 
culms hardly taller than the leaves; the x^anicles compact, tliick, 
very broad in relation to their length; and the spikelets exceiulingly 
larg(*. 

This selection failed to flower in the greenhouse. In the field, it 
set seed only moderately well under bog, about 50 percent. Plants 
of this type were the latest of an}r Kentucky bluegrass to flower in 
the fic'ld, being at least a week to 10 days later than all other plants 
of the species. 

SelJ-pollinated progeny 38-KB Germination, 86.0 percent; 

polyembryony, 10.5 percent; survival in the field, 90.0 percent; 
variability, 18.5 percent. Ten plants out of 54 w^ere aberrant; the 
others conformed perfectly to the parental type. As a general rule, all 
plants that did not conform to the parent type were smaller and less 
vigorous. A wide range of plant types was present. Four of the 10 
aberrant plants were of the same type, being extremely small and 
weak, barely able to survive, and producing only 2 or 3 culms (figs. 
14 and 15, u), 

Open-pollinated progeny S8-KB 206. —^Germination high, 94.0 

E crcent; polyembryony, 6.4 percent; survival, 91.5 percent; varia- 
ility, 29.1 percent. Sixteen of the 55 plants were aberrant; the others 
resembled the parental type perfectly. As was the case in the self- 
pollinated progeny, all of* the aberrant plants were less vigorous than 
the parent plant. Many morphological types were represented. It 

























Figure 



15.—Mature panicle characters of the plants shown and described in 
figure 14. 
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was possible, however, to group many of the variant plants into groups 
having more or less the same general growth characteristics. Thus, 
there were 5 plants which were similar to the 2 shown in figures 14 
and 15, i? and E\ 3 similar to the one shown in (7; and 5 of the 
same general type as the one shown in 0, The remaining aberrant 
plants conformed to none of the above groupings. Two interesting 
departures from the parental type are illustrated in figures 14 and 15, 
D and //. The plant shown in D had shorter, narrower, lighter green 
leaves; the culms exceeded the leaves and the panicle was much larger 
and of a more open type. 

Ten of the 15 pairs of twin seedlings of this plant survived for study. 
Six pairs were dissimilar, giving a value for variability of 30 perc(*nt 
ill the seedlings from polyembryo seeds. Without exception, these 
aberrant members of the pair were less vigorous than the apomiciic 
type and differed strikingly from it. Two pairs of twin seedlings from 
this plant are shown in figures 14 and 15, /^i, A, and the last 

mentioned being the apomictically reproduced member and identical 
in each pair of twin seedlings. Attention is called here to the demon¬ 
stration that the same plant types may be found in both progenies 
from seed with a single embryo and progenies from polyembryo seed. 

Selection 37-KB 135 (131) 

Plant 37-KB 135 (131) (fig. 16) was chosen from a progeny grown 
from commercial seed from Kentucky. It was rather distinctive in 
vegetative characters. As it appeared in the nursery of spaced plants, 
it was one of the most leafy and aggressive types found, spreading 
extensively and forming a loose sod. Leaves were of moderate length 
and width and very soft. * This plant flowered profusely in the green¬ 
house. Seed set under bag was less than 30 percent under both green¬ 
house and field conditions. 

Self-'pollinated progeny 38-KB 117. —Germination, 79.0 percent; 
polyembryony, 5.1 percent; survival under field conditions, 83.5 per¬ 
cent; variability, 54.0 percent. Of the population of 50 plants, only 
23 resembled the parental type (fig. 16, P and A). A surprising fea¬ 
ture of the plants differing from the parent type was that 23 of the 27 
aberrant plants showed unmistakably the same morphological fea¬ 
tures. This group bore no resemblance to the parent. The plants 
were quite erect, very coarse and stemmy; leaves were longer, wider, 
and not as soft as the parental type. The plant illustrated in figure 16, 
P, shows the general morphological features of the group of 23 aber¬ 
rant plants. Of the 4 remaining variant plants, 1 resembled the type 
described above but had significantly wider leaves; 2 were alike in 
general features, showing poor spreading qualities and few, narrow, 
light green leaves (fig. 16, P); and one was a small low-growing plant, 
with short, soft, wide, dark-green leaves (fig. 16, P). 

Open-poUinated progeny^ 88-KB kJermination, 82.0 percent; 
polyembryony, 3.6 percent; survival, 83.5 percent; variability, 46.0 
percent. Twenty-seven of the 50 plants in the progeny resembled the 
parental plant. The aberrant plants showed a greater diversity of 
types than did the plants of the selfed progeny, but the greatest 
number of them showed the features already described for the group 
illustrated by the plant in figure 16, F. There were 11 plants of this 
type. The remaining 12 aberrant plants were practically individual 
in their features. Four of the widely deviating plants are shown in 
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Figure 16.— P, Kentucky bluegrass parent plant 37-KB 135 (131), showing 
mature field habit. Af An apomictically reproduced matroclinous plant, 3^ 
KB 118 (40), of its progeny Five aberrant plants of its progeny: S, 

38~KB 118 (47); C, 38-KB 118 (42); />, 38-’KB 118 (36); E, 38-KB 118 (39); 
and F, 38--KB 118 (46). All plants occurred in the progeny from open polli¬ 
nation, Plants P and A have the same chromosome number; counts indicate 
plants C, D, and K to be ‘Miploid by amphimixis”; plant F is ”triploid.' No 
information is available for plant B. 
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figure 16, By Cy Z>, and E. The one shown in E was the most striking 
variation in the progeny. Leaves were numerous, very soft, short, 
narrow, and deep green; panicles were quite small and delicate. 

All twin seedlings from this parental plant survived. Of seven 
pairs, four were dissimilar, giving a value for variability of 28.5 
percent among plants from polyembryo seeds. All aberrant plants 
from twin sources were smaller and less vigorous than the apomictic 
member of tlie pair. 

DISCUSSION 

STEHILITY AND FERTILITY IN POA PRATENSIS 

Seed set under bag is not the ideal measure of self-fertility, since the 
introduction of physiological factors such as altered aeration, light, 
and moisture relationships may result in the determination, not of the 
plant^s inherent fertility upon isolation, but only of its ability to 
set seed under conditions of bagging. However, with all the dis¬ 
advantages attending the use of bags, Nilsson^s Avork (25) and the 
results of the writer show clearly that plants of Ktuitucky bliiewass 
differ markedly in their ability to set seed undtu* bag and tliese obser¬ 
vations indicate a genotypical basis for sterility and f(‘rtility. Th(*se 
conclusions, both by Nilsson and the writer, have Ix^en based on 
replicated observations accumulated over several ycairs and obtained 
by the use of replicated bags. Nevertheless, the results must be us(‘d 
with caution. There is no a priori reason for assuming that a plant 
which sets no seed under bag will also be sterile when unbagged but 
isolated from foreign pollen. This fact may have important i)ractical 
implications if the breeding program should center about siudi methods 
as hybridization and strain building. 

ANALYSIS OF SELF-POLLINATED AND OPEN-POI.LINATED PROGENIES 

The measurements made on germination and poly(*mbryony have 
indicated that no statistical significance may be ascribed to diffenuices 
betwe(*n self- and open-pollinated progenies of tin* sarnie plant. Data 
on polyembryony are particularly striking in t his respect. Plants vary 
tremendously in their inherent rates, but rate is apparently little 
aff(»cted, if at all, by the type of pollination or by environmental 
factors encountered in this study. Tliis lack of environmental eff(‘ct 
is understandable if it be assumed that apomixis and its attendant 
phenomena are, genic in character. 

In the case of morphological variability the relationship is less clear, 
but it may be said with a fair depee of certainty that most of the plants 
give self- and open-pollinated progenies wdiich do not differ sig¬ 
nificantly in variability. Figures 2, By and 4 and table 3 illustrate 
this similarity. However, there are some paired progenies that differ 
markedly in variability, which indicates a fundamental difference 
in manner of origin of the plants belonging to self-and open-pollinated 
progenies. Such a difference is readily undeistandable ii it be assumed 
that the plant's own pollen is incapable of fertilizing its own eggs 
but is capable of initiating pscudogamous development to form 
apomictic offspring. However, if foreign pollen wefe available, it is 

S fical to believe that pollen-tube growth would be rapid enough to 
ect fertilization and produce aberrant forms. An instance of 
thia behavior is strongly suggested by progenies from 1 plant shown 
in iJiitire 4. Variability in the self-pollinated pr6geny was 0, the 59 
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plants conforming pt'rfcctly to the parental type. On the other 
hand, in the open-i)ollinate(l progeny only 15 of 59 plants resenihled the 
parent, while the aberrant forms showed tht' morphological f(‘atiires of 
triploids. It is possible to select a grad(*d series of behaviors from 
this extreme case to that of paired progenies which show’ no difT(‘rt*nc(*s. 

ORIGIN OF OFFSPRING IN POA 

Studies on the embryology and on morphological and cytological 
features of aberrant and matroclinous plants in species of Poa have 
furnislied satisfactory (‘vid<‘n<‘e of the manner of origin of offsining. 
In th(‘ following classification all theoretically possible methods are 
outlin(‘d; 

T. Hediiclioi) divisioti; (‘nd)ryo sac* arise.*; l)v haplosjKjrv. 

A. Noiifertilizatioii. 

(1) Partheietjienesis; pr(»diicli(m of liaploids. 

P, Fertilizaiion- 

(2) By rediie(‘d ])olien; production of dijiloids by amphimixis. 

(B'l By unreduced ])ol!en: production of triploids, 

II. No reduction division; embryo sac ari.^e.s by either {Iit)]osj)ory or apo'spory. 

A. Nonfertilization. 

(•1) I’artheno^enesis: production of diploids by a])omi\is. with 
maternal characters and chromosome comphuiient. 

P. Fertilization-- 

(o) Py rediKM'd pollen: production of triploids. 

(()) Py unreduced polhui: production of tetraploid<. 

Four of the .six types have been definitely proved in P(ki prat(?isis; 
namely, types 1, 2, 4, and 5. It has been possible in the present study 
to determine these types of origin by an analysis of chromosome nuni- 
bers. Previous work by other investigators leaves little doubt that 
matroclinous plants in Poa arise regularly by type 4 and that aberrant 
plants arise by type 1, 2, or 5. Recently, Miintzing {^£) has shown 
(piite conclusively that functional unreduced pollen grains may form 
in Poa alpha L, In this particular case, tetrai)loids were obtained 
in the progeny, thus establi.shing type (i as an actual method of repro¬ 
duction in Poa, It follows from this obs^u vation that type 8 also may 
possibly be an actual method of reproduction in Poa, since there is no 
reason to assume that unreduced pollen cannot fertilize a reduced egg. 
The wide range of pollen sizes found in some jdants of Poa pratensls 
suggests the possibility that functional unreduced pollen may be 
formed in this species also. y 

The appearance of albino seedlings is additional indirect evidence 
that reduced megaspores may develop into embryos. They may be 
considered as ha])louls, since it is unlikely that the high chromosome 
numbers and autopolyploid relationships found in Poa pratensls 
w’ould permit such frequencies to arivse by diploid methods of origin. 

The study of polyembryony affonls additional evidence of the man¬ 
ner of. origin of offspring in Poa pratensls. Twin sc'edlings have been 
shown to be largely maternal, that is, diploiduliploid, and have 
l>robablv arisen by the simultaneous development of two micellar 
cells. Triploid:diploid twdns have arisen in considerable quantities 
and have been subjected to intensive study. Workers agree that the 
triploid member has arisen through the fertilization of an aposporous 
embryo sac by nnluced pollen and that the triploid meinber is in¬ 
variably weaker and later in starting development . Tinney (55) 
suggested the probable reason for this difference when he reported 

4a-3 
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that one embiyo sac nearer the supply of food generally develops 
at the expense of the weaker member. Andersen (5) macle the same 
observation. Haploidrdiploul twins have been observed by Miint- 
zing {20, 21), Skovsted {30), Engelbert {10), and the writer, and have 
presumably arisen by the development of a reduced megaspore and 
an aposporous egg ceil. Of considerable interest is the albino paii* of 
twins observed in the writer’s cultures. The most probable consti¬ 
tution of these plants is haploid .haploid, and they must represcuil 
the simultaneous development of sister rnegaspores that have been 
dciived from tke same cell of a dyad after meiosis. 

Triple seedlings appearing in the writer’s cultures have been shown 
to be of two types, namely, dijdoidicliploid:diploid and triploid: 
diploid:diploid. Triple seedlings have also been reported by Miint- 
zing {20), Their origin seems to be no diffei*ent from that of the 
corresponding twins. Pi*esumably three instead of two micellar cells 
develop. 

NATURE AND EXTENT OF VARIABILITY 

The average morphological variability (14.8 percent) found by the 
writer in progenies of Kentucky bluegrass is higlier than that reported 
by other investigators. Akerberg (>}) gives 5.9 to 13.4 percent, 
depending on the nature of his material, whereas Tinney and Aamodt 
{36) give the low value of 1.59 percent. The slight deviations be¬ 
tween Akerberg’s values and the values obtained by the present writer 
may well be explained by sampling within a highly polymorphic 
species. On the other hand, the discrepancies in the writer’s reports 
of variability and those of Tinney and Aamodt need to be accounted 
for, particularly since the parental material came in part from similar 
sources. 

The wiiter believes that the most plausible explanation comes from 
the contrast in tlie methods employed in germinating the seed for the 
establishment of the respective nurseries. Tinney and Aamodt ger¬ 
minated seed in soil; the wn-iter utilizexl Petri dishes for this jiurpose, 
thus permitting equal chances for survival of all the products of 

f ermination. Since many aberrant plants in progenies of Kentucky 
luegrap are weak types barely able to survive, it is readily apparent 
that this type of plant stands little chance of ever appealing if it 
must force its way through soil and grow" in competition with more 
vigorous seedlings. 

The high correlation between survival in self-pollinated progenies 
and suiyivaJ in open-pollinated progenies can mean only that loss of 
population is not distributed at random throughout the field but is 
in some way related to an inherent characteristic of the parent. It is 
logical to relate this loss of plants to the fact that they were forms too 
weak to survive. If they were too weak to survive, they would not 
have the genic constitution of the parent and hence should be classified 
as aberrant. By the proposed criteria for apomixis they must be 
presum<id to have arisen sexually. 

The high positive correlation between loss of plants and morpho¬ 
logical variation in plants that survive mokes the relation between 
loss and sexuality even more apparent. One cannot escape the con¬ 
clusion that the two groups of plants should actually be considered 
as One and that the only difference between them is one of degree of 
rigor. 
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Th(^se results permit one to suggest that the values for sexuality in 
Kentucky bluegrass parental plants may be higher than indicated by 
morphological variation in their progenies, since plants that would 
have been aberrant lU'ver appeared for study. By combining the 
number of plants that faih*d to survive and the number of the reinain** 
ing plants showing morphological variations, w e obtain the following 
percentages: Mean, 25.5 ± 1.5; lowest, 5.0; highest, 90.5; standard 
deviation, 15.5. The plant and its progeny that gave the highest 
values are shown in tigure 11: Loss, 72.5 percent; variability in 
remaining progeny, 05.5 jiercent. 

In connection with this tr(‘atment of loss of plants and variability, 
th(» qu(‘stion may be ask(Hl: Why be concerned about plants that an? 
lost ev(*n under tlu* most favorable cultural conditions, since they will 
iK'ver appear and therefore will never influence the cliaracter of the 
plant's progeny? In r(‘ply, it may b(‘ said that this study w as designed 
to d<‘t('rmine the extent of apomixis and sexuality in selected plants of 
K(‘ntucky bluegrass, and no valid criterion of S(*xuality can be dis- 
j’cgarded. Furth(‘rmor(‘, by the proper breeding techniques these 
highly sexual plants may be utilized for hybridization, and thtT(‘fore 
any critt‘rion of value in their idcuitilication should not be ignored. 

It has not b(‘en possible* in these studies to establi.sh with any degree 
of (‘ertainty correlations bt‘tween apomixis, as measured by the mor¬ 
phological features of a j)lant’s progeny, and the following measure¬ 
ments that are more easily and quickly determined. 

(1) No (‘orrelation was observed between apomictic reproduction 
and source of material. Variability, how ever, is low' in many prog(*nies 
from plants grown from commercial seed. In fact, the most apomictic 
types wtu’c isolated from commercial se(‘d. This observation is in 
agreement with the g(*neral opinion that apomictic types are more 
prolific se(*ders and are thus better fitt<‘d to survive under conditions 
of natural selection, lliglily variable forms, however, wen* obtained 
from this material, and the mean differences between plants from 
comiiKTcial souices, pastun* sour<*es, and strains are not statistically 
significant. 

(2) In regard to corr(*lation between seed set under bag and varia¬ 
bility, it was found that in general plants completely st(*rile under 
bag gave open-pollinated progenies more variable than did fertile 
plants. However, exceptions make this relationship difficult to apply 
to fmictical w'ork. It is (*vident that good seed set is no criterion for 
apomictic reproduction, as some of the most variable progenies came 
from plants wdth good seed production under bag. (See hg. H ) 

(3) The simple correlation between germination and variability 
has a significant negative value*, and one might infer that the apomictic 
types have a liigher rate of germination. This correlation, however, 
is misleading, since the partial correlation drops to an insignificant 
value if percentage survival of plants in the field is held constant. It 
seems likely, therefore, that sexually produced embryos are not sig¬ 
nificantly less viable than apomictically produced embryos in their 
ability to genninate and that no practical significance may be ascribed 
to percentage gjermination as a measure of apomictic reproduction. 
Therefore the significance of the simple correlation must be caused 
by the widespread elimination of weak seedlings that w'ould ordinarily 
go unmeasured in reckoning vari«y^ility. 

(4) Embryological studies by Akerln*rg {4) and Tinney (35) have 
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indicated that polyembryony and apomictic development should be 
closely associated ph(‘noniena. Therefore, one might reasonably 
expect a significant negative association between polyembryony and 
variability. Akerb(‘rg first suggested this relationship and pr(‘sent(*d 
rather inconclusive data in its support. TJh^ families studied w<Te 
merely classifi(Hl as ‘'sexual” and “apomictic,” and no statistical 
treatments or furtlu'r d(»scriptions were presented. Tin* writcT has 
found a correlation value of —0.205 b(*tween variability and poly¬ 
embryony, which is barely significant (P~0.0l) at r=:0.1S0). It is 
difficult io infer from this value just what the relationship betw(‘eu 
polyernbiyony and apomixis might be. A study of figure 9 sugg<‘sts 
the probability of the occiuTeiice of two fundanKUitally different 
groups of plants: (1) Those in W’hich there is a high negative asso¬ 
ciation between polyembryony and variability and (2) those in which 
there is little, if any, association. Granting the probabl(‘ exist(mce of 
these tw^o classes, it would se(un that in Kentu(*ky bluegrass thi'rc' are 
two inherently different types: (1) “Obligate apomicts,” in which 
fertilization rarely occurs and the rate* of polyembryony might be a 
reasonably sound measure of apomicti<‘ seed development, and (2) 
“facultative apomicts,” in which f<‘rtilization may b(‘ readily (‘ff('ct(‘d 
under the proper conditions and in which the rate of poly(‘mbryony 
bears no inverse relation to sexual seed development. 

The practical use of the rate of polyeTn])rvony as a mi'asure of 
apomictic se(‘d formation must, therefore, be held in abeyance' until 
greater reliability can be deTiionstrated for this crilc'rioii. 

To summarize, corn'latioii studies in Kentucky bluegi*ass Ix'twee'n 
variability and source*, see'd set, ge'rmination, anel polyeunbryony, 
re^spective'ly, have indicate'd no statistically signifie-ant relationships. 
Thereof ore, investigators have* no reliable* crite*rion, e-xc'e'pt the* pr*og(*ny 
test, for apomie;tic see^el formation in Kentue*ky blue*grass, anel are 
fully justifie^d in adopting this te'st as a reliable measure* of apomictic 
and se'xual seeel fe)rmation in parental plants. It should be* pointeel 
out, however, that low value's for variability will be ol)taine*el if 
cultural practices are e*mploye*el that surpiess the* w'e*aker ])lants. 

CeWCLUSIONS 

The re'sults pre*senteel in this ivport allow one* to make* the* broad 
generalization that Poa pratetif^is is preelominanlly an apo.mi(*tic 
species. There is, how'e?ve*r, a range e)f apomictie* be*havior from com¬ 
plete uniformity in progenie*s to ov(*r 70 percent aberrancy, indicating, 
first of all, the gemic nature of the r(*produe*tive phe*nomena, and 
secondly, the caution that iriust be used in applying any criterion to 
a spe^cies as highly polymorphic as P. pratensis. The writer is strongly 
of the opinion that we know too little about the specie's to g(*neralize 
on any one criteu’ion, whether it be ('mbryology, polyembryony, 
polyploidy, breeding behavior, or morphological and taxonomic nd‘a- 
tionships. 

PRACTICAL CONSIDERATIONS 

The investigations reported in this pap(*r were startl'd with the 
ultimate purpose of applying the results of fundamental work in Poa 
jtraiensis to problems of practical bn^eding. Kimtucky bluegrass is 
important both as a forage and as a turf grass. Improvements are 
apught in (1) disease and drought resistance; (2) productivity, espe- 
cmlly in the period between the spring flush and the secondary fall 



Sept. 15, 1943 


Seed Formation in Kentucky Blue.grass 


261 


flush; (3) nutritive value, (‘specially in the fall flush; (4) adaptability 
to soil and climate factors; (5) association with other species, particu¬ 
larly le^unu's; (0) tol(‘runce to close j^razing and (dipping; and (7) 
palatahility. 

Th(‘ prog(‘ny t(‘sts condiict(‘d with 115 parental plants of Kentucky 
hhiegrass indicat(‘ that r(‘])roduction in this speci(‘s varies from nearly 
c()mph‘tely ap(unietic to highly s(‘xual processes. Th(‘oretically, the 
idiuitification of such hiotyp(‘s niakt's possible* the l)n‘(‘ding of Poa 
pratefisis eitlu'i* as an aj)omictic or as a st‘xual cr()ss-pollinat(*d plant. 

Available* br(*eding proce*dures in the improvem(*nt of Keaitucky 
blu(*grass may be eiuim(‘rat(*d brie*fly as follows: (1) Se*lection of 
apomictic biotype*s that show de*sirable chara(*t(*ristics, the most rapid 
and the* simpl(*st method of improve*me*nt and one in which probh'ms 
of isolation and niaint(*nance of purity are minimiz(*d; (2) utilization 
of aberrant (se'xually produce'd) plants as mat(‘rial for m‘W apomictic 
biotype's or for inbre(*ding and hybridization, d(‘p(*nding on th(‘ir pri*- 
dominant m(*thod of [-(‘production; (3) intraspe'cific hybridizatio.n and 
strain building, utilizifig eith(‘r s(*xual biotyp(*s or “facultative’' 
apomicts, in which fei-tilization is largely efiected if foreign pollen is 
aj)pli(*d; ami (4) int(*rsj)(*cific hybridizatiem. 

Artifically produced sp(*ci(\s hybrids of P<^a an*, at pr(st‘nt, P. 
arachnifera X praiensis (Olive*!-, and later E. Marion Brown, cit(*d by 
Vinall and Hein (37\ p, lOtIO)); P, pratensis X alpina (Akerberg (2) 
and Miintzing (22)); and P. compressa X praiensis (Brittingham (7)); 
the* first- and last-m(*ntion(*d cro.sse*s re*sult(*d in hybrid plants showing 
agronojiiic promise. 

The ex])(‘rim('ntal t*vidence* presented in this |)aper do(*s not (*xclude 
the* ])ossibility that any of the* above*-nie‘ntion(*d bre*(*ding te*chnique'S 
may be applie*(l to the* improvement of Ke‘ntucky blimgrass. 

SUMMARY 

FI'om a nurst*ry of 10,000 spac(*d plants of Kentucky blue*grass grown 
from se*e(l collecte*d from pasture, commercial, and nurnbered-strain 
sources, 115 parental plants, repre*se*nting a wide range of morpho¬ 
logical and physiological type*s, were se*le*cted. An c.xpe*rim(*ntal 
nuj-se-ry of 10,000 plants was (*stablished from seed produced by ope*n- 
pollination and from seed, where available, produced under parchment 
bag. Both se*lf-p()llinated and open-pollinated progenie's from 87 
selected plants we*r(* available. 

Studies conducted in the* gree*nhouse and in the field on sterility and 
fertility under conditions of bagging showed that about 35.0 pe'rcent 
of tJie* plants regularly had le*ss than 30 percerit se*e*d set under bag. 
Behaviors under bag varied from e-iomplete* stc‘rility to well over 00 
perc(*nt s<*ed set. While the* physiological effect of the bag may be 
a factor in seed se't, the results indicate that sterility and fertility in 
Poa praiensis are largely genic in nature. 

There are significant positive correlations between self-pollinated 

E rogenies and open-pollinated progenie's in germination, polyem- 
ryony, survival in the fiedd, and variability, indicating an inherent 
nat ure of the paremtal plant that produces in the progeny characteristic 
frequencie's of tliese measurements regardless of the tvpe of pollination. 
Evidence is presented that variability may be significantly higher in 
open-pollinated progenies than in seli-pollinated progenies of some of 
the pai'ental plants. 
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For the offspring: of ah 115 plants the following: average values were 
obtained: Germination, 80.3 percent; polyembryony, 7.0 percent; 
survival, 86.3 percent; and variability, 14.8 percent. The highest 
value obtained for polyembryony was 31.6 perc(»nt; the highest for 
variability, 65.5 percent. The lowest value for survival was 27.5 
percent, and this was found in the progeny giving the highest value 
for variability among the plants that remained. 

Variability among the plants from twin seedlings was 16.9 percemt 
and was significantly higher than th(‘ value found in plants from S(‘ed 
with a single embryo. However, the same* morphological and chro¬ 
mosomal aberrant plants app(*ared in each population. A study of 
morphological features, poll(*n-grain sizes, and chromosome counts 
has indicated that the aberrant plants from both twin-seedling and 
single-seedling sources arose from (1) apomictic development of re- 
du(‘ed eggs (haploids); (2) fertilization of reduced eggs by reduced 
pollen (diploids by amphimixis); and (3) fertilization of unreduced 
by reduced pollen (triploids). Tlu^ matroclinous plants are 
thought to have arisen from the apomictic. di'velopment of nu unn*- 
ducecl egg derived from a cell of th(‘ nucellus by apospory (diploid by 
apomixis). 

No significant corndations wove found between variability and 
source of material, seed set uiuler bag, and germination, respc^ctivcdy. 
A barely significant negative correlation ('xistcul Ix'tweeri polycmi- 
bryony and variability. The data suggest that in some plants of 
KenUicky bluegrass a high negative association bidwcHUi polycun- 
bryoiiy and variability may be found, wh(u*('as in others no association 
exists. A highly significant negative (‘orndation was found bed ween 
survival and variability, hidicating that variability was g(*n(‘rally 
higher in thos(‘ progt*ni(*s that had lost the greater nunilxu’ of plants. 
This suggests that the plants lost were weak ab(*rrant forms and should 
be considered in any measure of apomictic se(‘d devedopment in 
parental plants. 

The results indicate that, although Poa prafensis may be considiuH^d 
a predominantly apomictic species, such extrem(‘s of type and b(‘- 
havior are found that caution is necessary in generalizing on too few 
data. However, tlu^ progeny test app(*ars to ])e the only practical 
means of determining the type of seed development of K(uitu(d\y 
bluegrass. 

The breeding inc^thods available for improvement of plant ty])es in 
Kentucky bluegiass are discussed. Selection of desirabh* apomictic 
biotypes provides the quickest and easiest nudhod of improvement. 
If this reaches a limit of usefulness because^ of the lack of naturally 
occurring desirable biotypes, the breeder has at his disposal the 
methods of inbreeding, intraspecific hybridization, strain building, and 
interspecific hybridization. The results of the study presented in 
this paper are not inconsistent with the conclusion that any of these 
methods are applicable to breeding problems in Poa pratensis. 
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CLEISTOGAMY AND THE DEVELOPMENT OF THE 
EMBRYO SAC IN LESPEDEZA STIPULACEA ‘ 

Ky (Clarence H. Hanson ^ 

Ageni, Division of Forage Crops and Diseases, Bureau of Plaid Industry, AgricuU 
iutal Jfeseatch Administration, I niied States Departmerd of Agriculture 

INTRODUCTION 

Lfspe(l( za sfipulacea Maxim., commonly known as Korean lespedeza, 
lias become important as a hay, pastnn*, and soil-conserving crop 
Although nuim'rous investigations l)av(‘ been made on the 
culture and utilization of this annual, no d(‘tailed studies concerning 
the morphology and d(‘veloprnent of the flower have been reported. 
C^leistoganious flowers were first noted in Lespedeza in 1840 (.9) and 
invariably have been designated as apc'talous in contrast to the 
])(*talif(‘rous flowiu’s of this genus. McKee and Hyland (6) have 
obs(*rv('d that the occurrence of petaliferous and apetalous flow.ers is 
common to most if not all species of th(‘ Kulesjtedeza and Micro-- 
lespediza st'ctions. TIow(‘ver, little has bcum known concerning the 
conditions that are associat<*d with the development of each flower 
typ('. vSuccessful cross-pollinations, varietal or specific, have* not 
been n‘porte(l in either th(‘ annual or the penumial species. More 
cornph'te knowledge of floral structure and development is desirable 
befor<‘ procei'ding with a breeding program. The studies on L, 
siipvlacea hercMii report( hI have been inad(‘ to determine (1) the 
morphology of the two types of flowers, (2) th(^ d(‘ve]opment of the 
cells of the (unbryo sac, and (3) the effects of some environmental 
factors on flow(*r formation. 

METHODS 

HISTOLOGICAL TECHNIQUE 

Some of the material for the histological study was collected from 
])lants growing in the field during 1941, the rest from plants grown in 
the greeidiouse during the fall and winter of 1941 42. The best 
fixation was obtain<»d by dipping the buds momentarily in Carnoy^s 
fluid and then transferring them to a modification of Bonin’s killing 
fluid, d(‘signated as Allen-Bouin II. (lood fixation wuis obtained 
when the buds witi* left in the latter fluid 3 weeks. The material 
was dehydrated in butyl alcohol and infiltrated and embiHlded in 
paraffin according to the butyl alcohol m(‘thod described by Johansen 
(o). Longitudinal sections were cut 8m to 10m thick and mounted 
serially, A combination of safranine and fast gietm gave the best 
staining r<*sults, Heidenhain’s iron-alum haematox^din stain, counter- 
stain(‘d with orange O, was also used with some success. 
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PROCEDURE FOR DETERMINING THE EFFECT OF TEMPERATURE ON FLOWERING 

Plants of three strains ^ of Lespedeza stipulacea were grown to 
maturity in the th(^rmo-regulated growth chambers described by 
Brown {^). Observations were made on the kinds of flowers that 
were formed at different temperatures during the summer under 
natural conditions of light and during the winter wluui supplementary 
lights were used. During tln^ latter period supplementary illumina¬ 
tion was supplied, at first by 250-watt Mazda lamps and later by 
double-unit 4()-watt daylight fluorescent lamps, to extend the natural 
photoperiod to 15 hours. When the plants were 10 inches in height, 
the photoperiod was reduced to 12 hours to induce floral initiation. 

OBSERVATIONS 

FLORAL MORPHOLOGY 
(Iros.S MoRPHOl.or.Y 

The flowers of Lespedeza stipula^cea are axillary and are formed on 
compound racemes. In any one axil, apetalous or petalif(*roiis flowers 
or a combination of both may be found. The older buds are found 
near the* base of the raceme, but as flow(‘ring progresses new buds are 
formed in the old axils; young buds and mature seeds are commonly 
found in the same axil. 

The petaliferous flowers are typical of those of the Leguminosae; 
their general morphological features are repnvsented in figure 1, A to 
E. Subtending the flow^er and adhering closely to t]H‘ calyx an* 3 
bracteoles (A). The calyx consists of 5 undiverged sepals, terminat(*d 
by 5 lobes, into which the corolla is inserted. All imunbers of the 
irregular corolla are free except the 2 keel petals (C)^ whi(?h coalesce 
slightly along their anterior margins and surround the pistil and the 
staniens. The diadelphous stamens (/f) are 10 in nurnlxu'; the 
undiverged filaments of 9 of them form a tula*, while the tenth is 
separate. 

Tin* apetalous flowMU’s an* also complete but difier from tin* p(*t;ali- 
ferous flowH*rs in (*xt{‘rnal morphological features by a marked reduc¬ 
tion of the corolla, stamens, and ])istil (fig. 1, G~K). Theses jiarts are 
confined within the tightly clos(*d calyx, wdiich does not open until 
the developing pod forces it apart. The ovary app(*ars normal, 
but the style is much r(‘duce(l and bends dowuiward during develop¬ 
ment (fig. 2, A)^ so that at maturity it assumes a hooked position 
with the stigmatic surface pressed directly against the anthers (fig. 2, 
B), Young seed nods from the two types of flowers can usually be 
identified by the old petal and stamen tissue, which is more persistent 
though less prominent, on the pods from apetalous flow’^ers (fig. 1, i). 
After this tissue has beem discarded the tips of the* pods from apetalous 
flowers usually differ from those of petaliferous flowers by b(dng more 
hooked or curved. Since the apex of the pod represents merely the 
base of the styk^ this point of difference is probably significant only 
as a means of identification. Pods from both types of flowers are 
single-seeded, flat, roundish, and reticulate. The average length of 
a mature apetalous flower is approximately 1.5 mm., that of a petali¬ 
ferous flower 7.5 mm. 

4 F, €, 1^. F,. 0.16601. and Del. 2691. 




Figure l.-vl-l?, Parts of a typical iwtaliferous flower, X 5: Ay ^'atllro flower; 
By androeciuiu and gyuoeeiinn; T, keel; /), wings; Ey standard; F, immature 
fruit from petaliferoiis flower, X 5. G-/C, Parts of typical apetaloUvS flower, 

X 5 except H, which is X 7J^: O, \ ature flower; //, androcciiim and gynoecium; 
/, keel petals; J, wings; Ky standard. L,Immature fruit from apetalous flower, 
showing remains of corolla, X 5. A/, Section of anther of apetalous flower, 

showing penetration of pollen tidies through anther wall, X 325. A^~T, 

Megagametogenesis: Ny Young pistil with ovule, showing archesporial cell, 
X 325; 0, older ovule, showing primary parietal and megaspore mother cell, 
X 326; Py iiiidanaphase of heterotypic division; Qy megaspores; /?, surviving 
megaspore; S, four-nucleate embryo sac; T, mature inegagametophyte of 
apetalous flower (a, antipodal cells; cn, primary endosperm nucleus; c, egg 
cell;€, synejgid). P-Ty X 670. C/, Formation of campylotropous ovule, X 40. 
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An abscission layer is found at the distal end of tin* pedicel; a 
slij^lit manipulation of the flower usually results in the severance of 
the flower at this point. 


Pollination 

The anthers of the ])etaliferoiis flowers open during? an thesis, shed¬ 
ding? the pollen grains against the stigma, which exttuids slightly 
beyond the anthers, (jenerally the stipna is confin(‘d within the 
keel, reducing the possibilities of wind pollination. The pollen grains 
are well filled and uniform in appearance. 

The anthers of the apetalous flowers are indehiscent, tln^ pollen 
grains germinating within the closed anther sacs (figs. 1, AI, and 2, /?). 
Som(‘ of the pollen tubes so formed enter the stigma after penetrating 
the anth(‘r wall. Polhm tubes W(‘re observed in anthers touching the 
stigma as well as in those not in direct contact with this organ. The 
pollen grains of the apetalous flowers have both a generative and a 
vegetative nuchuis. They are more or less shriveled (fig. 2, .^1), only 
th(‘ better on(‘s gerniijiating. Imlications of collapse of the pollen 
grain wall W(‘re observed as early as th(‘ time wlien the nu'gaspore 
moth(‘r cell was Ixung dilferentiated. 

l'nd(‘r normal field conditions apj)roximat(‘ly 7t) percent of the 
petalif(‘rous flowers formed seeds during the 1941 season. When 
potted ])lants of Lespedeza- .^tipulacea were grown during the winter 
months, however, the fertility of the pcdaliferous flowers was much 
less than that of the same strams grown durijig the summer under 
field conditions. The apcdalous flowers are highly fertil(‘ during 
both the summer and winter. 

Dkvklopmknt of thk C)\ i lk 

The singh' ovule develops as a mound of meristematic nucellar 
tissue arising from the inner surface of the ovary wall near its base. 
Tin* young ovule is orthotropous (fig. 1, X), but as it develops it 
curves toward the base so that at maturity it is campy lot ropous 
(fig. 1, r). Shortly after tlie differentiation of the megaspore mother 
ceil th(' inner and outer inti'guments appear as two rounded outgrowths 
of the epidermis on one side of the ovule (fig. 1, O). Shortly there¬ 
after the inti'guments on the other side dtwelop. Wlu'ii the inega- 
gametophyte is jnature, both integuments enclose the nucleus except 
at thc‘ micropyle; the inner integuments are two cells thick throughout 
their entire extent, the outer more than two. 

Development of the Mkoaoametophyte 

Soon aft(T tin* ap])(*aranc<' of the ovule an archesporial cell is differ- 
(Uitinted in the second layer of cells from the apex (fig. 1, A"). This 
slightly enlarged cell has somt'wliat denser cytoplasm than the sur¬ 
rounding c(‘lls and divides to form a parietal and a primary^ sporogenous 
C(‘ll. The former divides at least once, as is indicated by the fact that 
the older embryo sacs are usually embedd(Hl 2 or more layers \\dthin 
the nucellus. The primary sporogenous cell enlarg('s, differentiating 
into a megaspore mother cell (fig. 1,0). Figure 1, I\ represeiits the 
migration of 10 chromosomes to each pole of the spindle during the 
anaphase of the heterotypic division of the megaspore mother cell. 
The nuclei resulting from this divisioji are increased by the second 
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meiotic division to 4 megaspores (fig. 1, Q). The observed haploid 
chromosome number of 10 is consistent with the somatic number 
reported by Cooper (5). The chalazal megaspore is functional, 
whereas the other 3 megaspores rapidly degenerate (fig. 1, J?). The 
newly formed nuclei of the first division of the surviving megaspore 
migrate to opposite ends of the embryo sac, where, by 2 more divi¬ 
sions, the usual 8-nucleate condition is formed. Three of the nuclei 
at the chalazal end develop cell walls, becoming the antipodal cells, 
which soon degenerate. The fourth nucleus migrates toward the 
center of the sac to a position not far from the egg apparatus, where it 
is joined by a nucleus from the micropylar end. They fuse to form 
the primary endosperm nucleus before fertilization oe.curs. 

The three remaining nuclei at the micropylar end develop cell walls 
and differentiate into the synergids and an egg cell. Evidence of 
degeneration in the synergids occurs soon after the fusion of the polar 
nuclei. The mature megagametophyte of an apetaJous flower con¬ 
sists of three degenerate antipodal cells embedded in the nucellus; two 
synergids, which have begun to degenerate; an enlarged pear-shaped 
egg; and a large primary endosperm nucleus (fig. 1, T). 

The general appearance of the mature ovules of petaliferous flowers 
indicates that fertilization occurs at a later stage than in the apetalous 
flowers. The nuclei of the synergids are no longer visible and the 
antipodal cells have so degenerated that they are visible only as 
darkly stainable material. The entire ovuh' is larger and the embryo 
sac has farther invaded the nucellar.tissue. 

FACTORS AFFECTING FLOWER FORMATION 

Observations made on thfee strains of Lespedeza stipulacea grown 
in thermo-regulated growth chambers showed that both the ratio ol 
petaliferous to apetalous flowers and the total number of flowers 
formed are conditioned by temperature (table 1). Petaliferous flowers 
predominated at 80° F. in the summer experiments and at 82° and 
^5° in the winter experiments; apetalous flowers predominated at 
70° in both the summer and winter experiments. At 60° flowering 
was limited to a few apetalous flowers. At the more favorable temper¬ 
atures the total iiumDer of flowers per plant was too large to count; 
furthermore, the relative numbers of the two types varied so greatly 
on the different branches of the same plant that fractional sampling 
would not have been more accurate than general observations. 


Table 1. —Production of potaliferom and apetalous flowers in Lespedeza stipulacea 
at different temperatures 


Period 

Temiw 

ature 

PetaJifc‘rou« flowers 

AjKitalous flowers 


80 

Abundant..... 

Few. 

May 15—Sept. 15,1941. 

70 

None to few.. 

Abundant. 


60 

None..... 

Very few. 


05 

Abundant... 

Few, 

Oct. 29,1941-Feb. 7, 1942. 

82 

.....do. 

Few to many. 


70 

Very (ew..,,... 

Abundant. 
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It has been observed throughout these experiments that tempera¬ 
ture is not the only factor involved in the determination of flower 
type. The amount of development that the plant has undergone 
when the reproductive processes are initiated afflicts the proportion 
of each flower type. For instance, plants grown without the aid of 
supplementary light during the period of the winter when the days 
were shortest bccanu^ rc^productive when they were only about 2 
inches in height and produced few if any petalif(?rous flowers at 
temperatures of about 80° F. When plants grown during the same 
period wtTc first exposed to a 154iour photoperiod until they had 
grown to a height of 10 inches and to a 12-hour photoperiod thereafter, 
numerous petaliferous flowers were formed. 

Light intensity and h^ngth of day probably are factors also affecting 
the relative niimlxTS of p(4aliferous and apetalous flowers. Cloudy 
weatlier sca'ins to retard the fonnation of petalifi^rous flowers. It is 
commonly known that apetalous flowers are more numerous during 
the winter months, ('ven though artificial lights an* used. 

Finally, individual potted plants frequently differ from one another 
in res])ect to flower formation when grown under controllexi teinper- 
alur(*s and identical light conditions. It is believed that the nutrition 
of the plant may be so alt(*r(‘d by conditions in the soil as to have a 
marked effect on tin* ratio of tlu*. two flower types formed. 

DISCUSSION 

An unusual method of pollination has been described for the* ap(‘tal- 
ous flow(‘rs of Lenpedeza stlpuhcea. Madge (7) and others have 
reported similar nu'chanisms of pollination in the ch'istogamous 
flowers of Viola. Parks (^) found that the anthers of the closed 
flowers of Commellnantia pnngki (S. Wats.) Tharp deliisce but that 
most of the pollen remaijus in the anther cavity. 

One of the significant results of this investigation was the demon¬ 
stration that the proportion of petaliferous and apetalous flowers is 
conditioned largely if not entirely by environmental conditions. 
When one or more of the factors become unfavorabh* for the forma¬ 
tion of petaliferous flowers there is a reduction in the number of flow(U*s 
of this type. Response to such a change is not always definite; grada- 
tiojis exist from plants producing only apetalous flowers to those that 
are highly petaliferous. McKee and Hyland (6*) found that Lespedeza 
cuneata (Dum. de Cours.) G. Don formed 75 percent of its seed from 
petaliferous flowers in 1939 and only 31 percent in 1940. Differences 
in light intensity and day length during the flowt*ring seasons were 
considered possible factors in this variation. Some of the species 
investigated by these workers produced more seeds from petaliferous 
flowers; others formed the greater proportion of their seeds from 
apetalous flowers. 

Some of the factors that condition flowering in Lespedeza stipuheea 
have been found to affect flowering in other groups of plants where 
cleistoganiy occurs. Bei’gdolt (f) found a decrease of deistogamous 
flowers with increased soil fertility in Viola. Vochting {10) reported 
that with some plants, such as Stellaria media (L.) Cyrill. and Lamium 
purpureum L., chasmogainous flowers were formed under ordinary 




272 


Journal of Agrwuliural Research 


Vol. 67, No. 6 


light conditions, whereas under feeble light the flowers remained closed 
\with the conspicuous flower parts imperfectly developed. Parks 
reported that cleistogamous flowers of Commelinmiiia pringki 
would open if exposed to light. The association of reduced light with 
the appearance of cleistogamous flowers is consistent with the writer’s 
observations in Lespedeza. 

SUMMARY 

Lespedeza stipulacea Maxim, bears two kinds of flowers, the apetal- 
ous and the petalifcrous. 

The apetalous flowers are highly fertile; the fertility of the petalif- 
erous flow(Ts is variable, depending on tin* conditions under which 
th^ were formed. 

The pollen of tin' apetalous flowers germinates in the unopened 
anther sacs, and owing to the proximity of the stigma to the anth(*rs, 
some of the pollen tubes ent(*r the stigma after pem^trating the 
anther wall. 

By two meiotic divisions the megasporc motluu* cell forms a row of 
four megaspores. The chalazal megaspore gives rise to an eight- 
nucleate, seven-celled embryo sac. The two polar nuclei fuse before 
fertilization takes place. 

The proportion of apetalous and petaliferous flowers is determined 
largely, if not entirely, by environmental factors. Certainly temp(*r- 
ature is a factor, since flowering is predominantly petaliferous at 80°, 
F. and apetalous at 70°. Other factors, su(*h as the initial develop¬ 
ment of the plant at the time of floral initiation, light intensity, day 
length, and soil conditions, are probably involved also. 
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INFLUENCE OF TEMPERATURE, MOISTURE, AND SOIL 
REACTION ON THE DAMPING-OFF OF RED PINE SEED¬ 
LINGS BY PYTHIUM AND RHIZOCTONIA ‘ 


By L, K. Hoth, formerly research assiMant, and A. J. Rikeu, professor. Department 
of Plant Pathology^ Wisconsin Agricultural Experiment Station 2 

INTRODUCTION 

Tho influence of enviroiuneiii on damping-off has becui studied be¬ 
cause^ of the groat variability in the occurrence of the disease both in 
the same nursery from season to season and in different nurseries 
during the same season. Th(u*e also may be great variation in different 
parts of the same nursei-y during the same season. A number of in¬ 
stances of this variability are recorded in the reports dealing with the 
fungi responsible. 

The two primary causal agents in Wisconsin are Pythium and 
Rhizoctonia (16).^ Tlu' literature relating to the activity of these 
organisms as they attack forest seedlings and various other plants is 
extensive. Much of that pertinent to this topic has been reviewed by 
Hartley (7), C. Roth (15)^ L. F. Roth,^ and Ten Houten (19). The 
fungi causing damping-off of particular hosts may vary strikingly, 
occasionally within the same species, in their responses to environ¬ 
mental factors. This variability is doubtless influenced in turn by 
the usual increase of resistance by the seedlings with increase in age. 

The purpose of the present study was to determine the influence of 
temperature, moisture, and soil reaction, respectively, on the damping- 
off of red pine (Pinus resinosa Ait.) in Wisconsin in regard to (1) 
germination of the seed and growth of the host, (2) vegetative growth 
of the tw^o pathogens named, and (3) the interrefation of host and 
parasite for the development of disease. 

MATERIALS AND METHODS 

The pathogenic fungi used most were cultures F- 111-A of Pythium 
irregvlare Buisman and F~5 of Rhisoctonia solani .Kiihn. Descriptions 
of these organisms are given elsewhere {16), In addition, laboratory 
studies were made with a culture of Pythium debaryanum (F-117) 
kindly supplied by W. F. Buchholtz and a particularly virulent 
strain of Rhizoctonia (F-118) isolated from seedlings in central 
Wisconsin. 

The red pine seed used was from local stock collected recently 
and stored in tightly sealed bottles at about 40° F. 

The soil was Plainfield sand secured from a 20-year-old stand of 
jack pine adjacent to the Griffith State Nurseiy at Wisconsin Rapids. 

'* Reoelved for publication June 22,1942, 

* Acknowledgment is made to the Wisconsin Conservation Dopartniert for its cooperation and encourage* 
ment in those investigations. Assistance in many of the tests was furnished by the personnel oi the Work 
Projects Administration, Official Project No. 65-1-63-2849. The writers are indebted to Eugene Herrling 
for assistance in preparing the illustrations. 

* Italic numbers in parentheses refer to Literature Cited, p. 284. 
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This soil was used without further sterilization because it waft prac¬ 
tically or entirely free from Pythium and Rhizoctonia. Its reaction 
was pH 5.5. An analysis provided by S, A. Wilde showed the follow¬ 
ing approximate composition: Silt and clay, 10.5 percent; base ex¬ 
change, 5.5 milliequivalents per 100 gm.; total nitrogen, 0.1 percent; 
organic matter, 3.7 percent; available phosphate, 35 pounds per acre; 
available potash, 150 pounds per acre; and replaceable calcium, 2.9 
milliequivalents per 100 g.m. 

The soil showed no tendency to puddle or cake under varying 
moisture conditions. 

Germination was hastened from about 4 days to a month, a(‘-cording 
to the temperature, by keeping the seed 4 days on moist filter paper 
at 28® C. This treatment saved much time and had no apparent ill 
ofTects on the seedlings. The period between germination and emer- 
gfnce remained umihanged. 

The more common methods for inoculating soil were found less 
satisfactory than the following: About 100 clean red pine seedlings, 
from 1 to 3 weeks old, were cut at the ground level and chopped into 
])ieces 1 to 5 mm. long. In each of the 90-mm. Petri dishes used 
in glowing the inoculum, 50 to 100 of these pieces of fresh tissue were 
mixed with water agar just before solidification. The plaU‘S were 
inoculated at the center and incubated at laboratory temperature. 
The damping-off fungi covered tlie agar before any contaminants 
intioduced on the chopped seedlings became established. The agar 
mycelial mat was cut into 2-mm. squares. One Petri dish serv^ed for 
one 6-inch round container in which 100 pine seeds wTJ*e planted. 
Smaller exmtainers received proportionately less inoculum and seed. 
The inocuhim was distributed uniformly over the soil surface, the 
seed was planted at the same level, and the whole was covered with 
about three-sixteenths inch of soil. 

The amount of disease was based upon the proportion of individual 
seedlings destroyed. After the seed came up, counts were made every 
3 days for about 4 weeks, by wdiich time the seedlings had developed 
resistance. After the final count, lecords WTre ])repared of total 
postemergence damping-off, suivival, and total emergence. Parallel, 
uninoculated controls were always provided. The percentage of 
emergence was calculated from that in the controls. The pre¬ 
emergence damping-off was calculated by subtracting the percentage 
of total emergence in the inoculated soil from that of emergence m 
the controls. 

The identity of the fungi causing the disease was determined in all 
cases. Representative diseased seedlings up to a dozen, selected 
according to their suitability for plating, were culturally examined on 
water agar. In every case only the culture introduced was recovered. 

Measurements of host development as determined by height of 
above-ground parts and weight of entire seedlings, wet and dry, were 
inadequate. Root length alone varied uniformly in Plainfield sand in 
relation to temperature and acidity. Consequently, the mean root 
length of 50 seedlings taken at random and washed out of the control 
containers has been used as the measine of host development. 
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TEMPERATURE 

TEMPEKATUKE AND THE PATHOGENS IN CULTURE 

The inflii(‘Hce of t emperature upon growth of two isolates of Pytliium 
and two of Rhizoctonia was ('xamined. For each isolate four Petri 
dishes of potato-dextrose agar, pH 5.8, were seeded in the center with 
a 2-mn). c.ulture-bc‘aring disk of similar agar. Four dishes were 
wnipped in wax paper and incubated at each of nine teinp(*,ratures, 
ranging in 4® intervals from 4° to 80*^ C. Of measurements made at 
12-hour intervals after inoculation, those made at 36 hours showed 
the most satisfactory range and w^(‘re best suited to graphic pr(‘senta- 
tion. Th(^ mean values for the four colony diann^ters at each tempera- 
tur(‘ in oniy of three separat(‘ trials an* shown in figure 1. 

Growlh of tlu^ four strains w^as best at 28° C. and good between 18° 
to 34°. Throughout this range up to about 34° Pyihium grew^ more 



Figure 1.—Radial growth in niilliincters of four daiuping-oiT fungi on potato- 
dextrose agar incubated at various maintained temperatures. 

rapidly than Rhizoctonia, Fr«iQ 12° to 32° growth of the 2 strains of 
Rhizoctonia was similar, and that for the two species of Pytkimn was 
similar. However, at 36° one strain of Rhizoctonia showed little 
decline while the other and the two of Pythium w^ere declining rapidly. 
Altbougli the good vegetative growth of both groups betw^een 18° 
and 32° suggested a preference for warm temperatures, the effective 
pathogenicity of Pythium extended well down into the cooler tem¬ 
peratures. While growth was slower, much more time was available 
at cooler temperatures because%f the reduced growth rate of the 
seedli^ and their consequently prolonged susceptibility. 
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TEMPERATURE AND THE GERMINATION OP RED PINE SEED 

The germination of red pine seed was examined in the larger experi¬ 
ments dealing with pathogenicity. In this case the controls, wnich 
ran parallel to seed in inoculated soil, were used. The tests were 
made in Wisconsin soil-temperature tanks (11) with temperatures 
ranging from 12° to 33° C. at 3° intervals. Two tanks were placed in 
each of 4 constant-temperature houses, thus: 12° and 15° tanks were 
in a 16° house, 18° and 21° tanks were in a 20° house, 24° and 27° 
tanks were in a 24° house, and 30° and 33° tanks were in a 28° house. 



Figure 2. —Rate and amount of emergence of red pine seed at different soil 

temperatures (C.). 

Each tank accommodated 8 cylindrical cans 6 inches in diameter and 
6 inches deep. Out of every 8 cans, 3 were inoculated with Pythium 
and 3 with Rhizoctonia^ while 2 were uninoculated controls. The 
cans were placed in the tanks in a random manner. Germination was 
uniform, except at 12°, where the variation was not significant. 

Throughout these temperature studies the soil was commonly main¬ 
tained at 60 percent of its moisture-holding capacity against free 
drainage by frequent weighing and by adding water uniformly to the 
surface when necessary to restore the original weight. The customary 
cental watering tubes served primarily as supports for covers of non- 
moistureproof cellophane. These covers reduced surface evape^tion, 
by their nonmoistureproof character prevented complicating drip from 
water of condensation, and eliminated contamination between cans. 
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The temperature strongly influenced both the rate and the amount 
of emergence. The best emergence was secured at 24° C., where 89 
percent of seed planted came up. For easy comparison of the effects 
of temperature, the best emergence is considered as 100 percent and 
the percentage emergence at other temperatures determined accord¬ 
ingly. The results of four different experiments have been averaged 
for the curves in figure 2. Emergence was poor at 12° and 15°, good 
at 18° and 33°, and excellent from 21° to 30°. 
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Figuke 3.—Total preemergeiice and post emergence damping-off of red pine 
seedlings in Plainfield sand caused by Pythium and Hhizoctonia at different 
temperatures: Steamed, moisture at 60 percent of moisture-holding capacity, 

pH 6.4; B, same as A except for pH, 4.8; C, unheated forest soil, moisture at 
60 percent of moisture-holding capacity, pH 6.5; steamed, moisture at 40 
percent of moisture-holding capacity, pH 5.5. 

TEMPERATURE AND DAMPING-OFF 

Warm temperatures are generally considered {10, 7) to fayor either 
the amount of damping-off or its rate of appearance on conifers. C. 
Roth {}6) found damping-off fungi most destructive at intermediate 
temperatures while Gravatt (5) observed that Rhizodonia was most 
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aggressive at low temperatures. Such differences are not surprising 
in view of the variability of the different fungi and the different hosts 
involved. Similarly, other vaiying factors of the environment influ¬ 
ence the temperature response. On hosts other than forest seedlings 
various workers have reported great variation in the temperature rela¬ 
tions of Pythium and Ithizoctonia (as reviewed by L. F. Roth (1940) ^), 

The effect of controlled temperature on damping-oft‘ by both 
Pythium and Rhizoctonia was examined in 11 series of soil-temperature 
studies between 1937 and 1940. When free from biological (*ompeti- 
tion, Pythium commonly killed most of the seedlings at 12° C. and 
only about half of them at 33°, with intermediate results between 
these temperatures. Rhizodonia started with relatively few damped- 
off at 12° but approached a maximum of between 50 and 98 percent 
at warmer temperatures. This maximum varied with other condi¬ 
tions but was fairly well maintained between 20° and 30°. A sharp 
decline followed at 33°. Thus both fungi were active at the tempera¬ 
tures favorable for host development, Pifthiuin having some advantage 
at cooler temperatures, Rhizoctonia some at warmer temperatures. 
The details on most of these studies are omitted because of their 
volume and because the summary on those reported in detail is 
representative. 

The effect of temperature was modified, particularly by soil moisture 
and reaction. The infftience of these factors is graphically summar¬ 
ized in figure 3, which shows the results in four diffenuit tank sei'ies 
set up with several varying lots of Plainfield sand. These stuies have 
been selected because they represent certain important variations 
deserving attention. The soil in series /?, and C held moisture at 
(K) percent of its moisture-holding capacity and that in series />, 40 
pensent. The soil in 0 and D was forest soil secured Jiear the nursejy, 
and that in A and B was soil fj’om the nursery. A had been treate(l 
with lime and B with sulphur 1 and 3 years earlier, respectively. The 
reaction of A was pH 6.4; B, 4.8; Caml />, 5.5. The soil in A, B, and 
D was autoclaved for 10 minutes at 15 pounds pressure to lull any 
damping-off fungi that might be present. There was no dam})ing-otf 
in the controls of the heated soil. That in the unheated resembled 
the damping-off caused by Fusarium (C. Roth, 15), 

Total damping-off caused by Pythium and Rhizoctonia at each of 
the eight temperatures for the four series is shown by vertical bars in 
figure 3. The solid part of each bar represents damping-off after 
emergence and the shaded part, preemergence loss. As explained 
before, for easy comparison of the effect of damping-off, independent 
of variations in emergence at different temperatures, the emergence 
in the controls has been taken as 100 percent. The isolate of Pythium 
was more virulent than that of Rhizoctonia, Consequently, where 
other factors did not influence the relationship, the attack by Pythium 
in these particular experiments was more effective than that by 
Rhizoctonia, In other studies this difference between Pythium and 
Rhizoctonia was not apparent. 

The amount of seedling growth at diffemut temperatures was 
recorded. At the close of each of these 4 temperatum experiments, 
the seedlings from the control cans at each temperature were washed 
free of soil. From each can 25 were selected at random and the root 


i Sw footnote 4, p. 26.^ 





Figure 4. —The influenoe of temperature on: Ay Hoot growth of healthy seed¬ 
lings; By growth of Rhizocionia in culture and the percent of damping off; C, 
growth of Pythium in culture and the percent of damping-off. 
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lengths measured. Since there were 2 cans in each of the 4 experi¬ 
ments, each point on the curves in figure 4 represents the average of 
200 seedlings. 

The responses to different temperatures of the vegetative growth 
by host and parasite and of the damping-off when the two are acting 
together are summarized in figure 4. The different items are placed 
in juxtaposition for easy comparison. The growth of the red pine 
seedlings as indicated by root length is given in A, This curve shows 
that red pine developed well between about 15® and 30® C. At 30® 
and 33°, the warm temperature induced spindling growth, weak 
hypocotyls, and pale color, as well as poor root development. Defi¬ 
cient growth appeared also at temperatures below 15®, particularly 
in soil having a low moisture content. The size of mycelial mats in 
culture and the percentage of damping-off by Rhizocionia are shown 
in B and those of Pythium in C, Tlie amount of damping-otf is the 
average from several tank series in which conditions were favorable 
for the development of damping-off. 

Where moisture conditions were favorable^ and the pathogen was 
not competing strongly with other fungi (fig. 3, A and B), total 
damping-off caused by Pythium decreased from a broad maximum 
lying between 12° and 21° C. to a minimum at 33®. The opposing 
curves of fungus growth and damping-off (fig. 4, C) at cooler tempera¬ 
tures are quite striking. 

When Pythium was exposed to the competition of the abundant 
microflora and fauna of the nonautoclaved forest soil (fig. 3, C) 
but was under favorable conditions df soil moisture, the effect of 
temperature was quite different. No damping-off occurred at either 
12® or 15®. Above 15® damping-off increased to a maximum at 30® 
and then fell off at 33®. * Platings of darnped-off seedlings from all 
Pythium cans of this series were made. Only at 24® and 30® C. (fig. 
3, C) did the number of isolates of Pythium exceed that of the uniden¬ 
tified fungus resembling Fusarium found in the controls. These 
results emphasized the importance of biological competition as a 
factor influencing damping-off. A study of tliis aspect, however, is 
beyond the scope of the present paper. 

Soils of pH 4.8 showed somewhat less postemergence damping-off 
by Pythium at the cooler temperatures than soils with pH 6.4. 

At cool temperatures Pythium was most easily stimulated by other 
conditions favorable to aggressive growth but was also most quickly 
inhibited by unfavorable conditions. Since various competing micro¬ 
organisms are active in nature and since the moisture of the soil is 
often low, Pythium development in the nursery is likely to be greatest 
at temperatures betw^n 18® and 24® C. 

Greatest Rhizocionia damping-off in all series (fig. 3) occurred at 
moderately warm temperatures. As temperature became unfavorable 
for parasite development, damping-off decreased rapidly to a minimum 
near 12® C. The similaritv of curves in figure 4 for fungus growth and 
damping-off is striking. As was the case with Pythium, differences in 

S H of 4.8 and 6.4 had little if any influence on the trend of total 
amping-off. The magnitude of tne Rhizocionia loss, however, vras 
significantly greater in the more acid soil. Biological or soil-moisture 
factors in these studies failed to influence Rhizocionia to the degree 
that they affected Pythium, The Rhizocionia attack at 33® in series 
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(7 was approximately that in either A or 7^, suggesting pc'ihaps that it 
was inhibited by warm tcunporaturc less than its competitors. At 
cooler t(*mperatures, however, comptitition seemed to diminish the 
attack. The height of the postemergence bars in figure 3, 77, indicates 
that Bhizoctonia dam])ing-ofi‘ in dry soils did not rc^spond to teinper- 
atuH' betwi'en 18° and 33° with the variability shown in wet soil. 
Ihdow 18° in both dry soil and unheatod soil, damping-off by both 
fungi fell off to insignificance. 

Consideiing the four s(‘ries as a whole, the gimeral trend of post¬ 
emergence darnping-off for both fungi was up with lising tempi'rature. 
Such a response probably accounts for tin* established belief that 
damping-off is most s<‘vi‘re at warimn* t(‘mp(n*atures. 

Iiow(‘V(‘r, in the gi’aplis for Pythlurn, posUmiergeiice damping-off 
appt'ars an inadequate measure of actual injury. At the cooler 
tt‘mi>(u*atur(‘s in moist soil and in tin*, absenc(‘ of competition (fig. 3, A. 
and 7f), losses through preemerg(‘ncc damping-off appear (Excessive 
and unr(dat(‘d to the rate of vegcdative growth of the fungus (tig. 4, C). 
It is ajipanuit, howev(‘r, that at 12° C., the lowest l(*mpi!rature allow¬ 
ing g(‘rmination and measurement of damping-off (figs. 2, 4, ( 7 ), the 
fungus grew ra])idly (*nough (fig. 4, C) to allow naisonabiy prompt dis¬ 
semination throughout the container. This high loss a])])ears, th(‘re- 
fore, to be correlated with slow germination and s(M‘dling d(^velo])ment 
(tig. 4, A). At cool temp('ratures in di*y soil (fig. 3, 7/) and with 
competition (fig. 3, C) the jiroportion of pi*e(‘mt‘rg(‘nce to postemer¬ 
gence damping-otf by Pythium diminishes to not much above 1:1. 

With RhizoctonWy however, the proportion of postemergence to pre- 
ein(‘i*g(‘nce darnping-off appears relatively constant at all except warm 
ti'inperatures and is roughly 1:1. A correlation between tempera- 
tun*, prc'cmergence loss, and the vegetative growth of the fungus is 
evident. At cooler temperatures, slow fungus growth seems a factor 
limiting disease development. Ramification throughout the soil or 
extension beyond the point of original inh^ction was so retarded that 
no rise appears in the damping-off curve even though slow emergence 
(fig. 2) and development of the seedlings exposed them for a longer 
time to fungus attack (fig. 4, A). With rising temperatures favoring 
mycelial growth the curve for damping-off also rises (fig. 4, 7?). The 
d(*cline in Rhizoctonia damping-off above 30° C. appears similarly 
correlated with poor fungus development. 

MOISTURE 
SOIL MOISTURE 

The importance of soil moisture for damping-off is accepted gener¬ 
ally, but there is considerable divergence? concerning details (7, ^0, 75, 
6). The subject has been reviewed by L. F. Roth.® This lack of 
agreement has doubtless arisen from various conditions other than 
moisture. To clarify these influences, several experiments have been 
made testing the effect of varying moisture in Wisconsin nursery soil. 

The maintenance of the desired moisture content of the soil, 
particularly at the all-important top half inch, presented various 
problems. Preliminary experiments were conducted with 2-quart 
crocks in which the moisture content was regulated by the weighing 

»See footnote 4, p. 266. 

66I648-~43-^2 
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method. Wliile the results were in general agreement with those 
given later, so much variability arose from inadequate moisture 
control that the details have been omitted. 

The method used depended on the uniform capillary rise of water 
in the Plainfield sand. Thirty-six galvanized-iron 4-inch cylinders, 
each having one end covered with galvanized fly screen, were pre¬ 
pared. The cylinders varied in height, sets of six being 4.5, 6, 7.5, 9, 
10.5, and 12 inches, respectively. 

Two watertight, flat-bottomed pans 14 by 28 inches with 3-inch 
rims accommodated the cylindei’s. Each cylinder, with a sheet of 
filter paper over its screen bottom, was completely filled with Plain- 
field sand, pH 5.5. The soil was packed by dropping the cylinders 1 
inch 15 times. After the 10.5- and 12-inch cylinders had been dropped 
twice, they were again filled and dropped the remaining 13 times 



Figure 5. —“Soil moisture equipment in which the moisture of tiie surface soil 
was regulated by tlie height of the capillary column from the water in the pans. 
A nonmoistureproof cellophane cover was commonly placed over each cylinder. 


Cylinders of the 2 intermediate heights were dropped once before they 
were refilled while the 2 shorter groups were dropped 15 times without 
refilling. The packed soil in all cylinders came within about an inch 
of the top. The cylinders were arranged in graduated order in the 
pans in which one-half inch of freely circulating water was maintained. 
The temperature during these moisture studies fluctuated around the 
favorable 24° C. After 25 seeds had been planted and the soil in the 
top of each soil cylinder had been inoculated according to the method 
described for the temperature studies, a piece of nonmoistureproof 
cellophane was fixed over each cylinder. A cheesecloth cover was 

K ’ ced over the entire unit to prevent excessive light and evaporation. 

e relative humidity of the greenhouse air varied around 50 percent. 
An experiment in progjress is shown in figure 5. 

The efficiency of this method for controllii^ the moisture content 
in the surface layers of the soil used is shown in figure 6, A, where the 


3.0 
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and Rhizoctonia under tlie moisture conditions shown in A 
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moisture (‘-onterit of the upper one-half inch of soil is plotted against 
the height of the soil column in indies above the water level. The 
curve shows a progressive increase in soil moistui'o, from 13 percent 
to 100 percent saturation, corresponding with decrease in column 
height. Since the minimum moisture for germination lies between 
30 and 35 percent, it was necessary at the beginning to add some 
water at the surface of the two tallest sei*ies of cylinders. After 
germination, but before emergence, the moisture level was allowed 
to assume normal value. 

The amount of moistui*c for host development varied with columns 
of different height. Average root lengths of seedlings washed from 
iminocnlatod control containers in a reprc'Stuitative (^\periment wore 
as follows: 

Root lon^th <'niilliin(‘ters)_._ ___ 57, 48, 4a, 43, 43, and 38 

Soil moisture (porcciit)__ . .. . ___ 13, 25, 43, 58, 8(», and 100 

In soil with 13-p(‘rc(Uit moisture the root elongation was rapid. 
(Irowth Avas straight down with some labual branclung. Tin* roots 
had a ndatively dark color, suggesting early sub(‘rization, which, if 
an3d.hing, probaldy increased their resistance* to damping-olf. In the 
saturated soil, root growth was very slow and tortuous, branching was 
abundant, and the main roots penetrateMl little below the* original 
depth of the seed. The roots remained succulent aiul unsub(*riz('d for 
a month and thus pjobably maintain(‘d susc(*ptibility. In the four 
soils with intermediate moistures, root lengths and appe'arance were 
also intermediate*. 

In each soil moisture series two cylinders of (uich htught wei’e 
inoculatcHl with Pythivm and two with Rkizoctoivki. Tlu^ remaining 
two were left iininoculated as controls. Each cylinder was ])lanted 
with 25 red pine seeds. The experiments wen* repeated four times. 
While all the findings were essentially similar, some variability was 
observed. The results of a representative series are given in figure 
6, Bf where the damping-olT, exiiressed as percentage of emergence in 
the controls, is plotted against soil moist ure. In this case 87 percent 
of the seedlings darnped-off in tin*. Pythium inoculations in saiiirated 
soil. However, probably Ixicause of eiTor, only about 35 percent 
damping-off appeared in the Pythium inoculations at 8() percent 
moisture. Such a drop at this point was not found in thre(^ oth(*r 
experiments. 

The curve of Pythium damping-off iyi figure 0, B, rises steadily with 
increasing moisture. The curve for Rhizoctonia damping-off rises very 
gradually as soil moisture increases from 13 to 68 percent of capacity. 
After this point th(*.re is a marked decline of damping-off to a minimum 
at 100 percent moisture. The entire range studied below about 80 
percent may be considered favorable to Rhizoctonia damping-off while 
soil moisture greater than this appears to inhibit the attack, provided 
atmospheric humidity is relatively low. 

AIR HUMIDITY 

The importance of the relative humidity of the air appeared in one 
soil moisture experiment when the nonmoistureproof covers were 
replaced by moistureproof cellophane placed tightly over the tops of 
the cylinders. In those having above 70 percent soil moisture, infec¬ 
tion increased to 100 percent damping-off at saturation. AU cylinders 
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with soil moisture above 60 percent showed abundant aerial mycelium. 
At high humidities the seedling cotyledons were commonly attacked. 

The influence of air humidity as well as soil moisture upon damping- 
off was studi(^d in view of this respons(\ Seventy-two 4-inch pots were 
filled with clean, untreated Plainfield sand, pli 5.5, planted with 35 
red pine seeds, and divided into 3 equal lots. One lot w^as inoculated 
with Pythivmy one with Rhisodoniay and the third W’Us left iminocu- 
lated. Since the soil was not sterilized, a small amount of clamping-off 
occurred in the controls, particularly those at 90 percent moisture. 
Twelve of each inoculation series wrere adjusted to approximately 90 
percent saturation and the remaining 12 to 35 percent. Six of the pots 
of each moisture group were placed in a cheesecloth-covered (^age 
having a relatives humidity of approximately 50 pcTcent. The other 
6 pots were kept in a glass humiciity cJiamber equipped with a spray 
and a circulation fan. (Greenhouse temperatures in both cases were 
about 24° C. Only postemergcnce damping-off w^as considered in 
interpreting the results. The data are given in table 1 without cor¬ 
rection for germination. As in the preceding experiments, soil mois¬ 
ture greatly influenced damping-off. The loss in pots inoculated with 
rythium and containing 90 percent moisture was 90 pendent or greater 
while less than 1 percent damped-off in the dry pots. Air humidity 
had little influence on the amount, of damping-off in pots inoculated 
with Pyihium, However, high air humidity increased the loss caused 
by Rhizocioniay irrespective of soil moisture. As in th(‘, studies on 
soil moisture, Rkizoctonia losses w’(u*e great(U’ in dryer soils. 


Tahlk 1 . —Influence of mil moisture and air humidity upon damping-off hy Pythium 

and Rkizoctonia 


Fuwrus iuoculated 


Control. 


Pythium. 


Hhizoetonia 


Soil 

moistun* > 


Percent 

90 { 
3S { 
90 I 
3.5 { 
90 { 
35{ 


Approxi¬ 

mate 

relative 

humidity 

KmiTgence 

Postemergence damp¬ 
ing-off 

Percent 

Number * 

Number 

Percent 

98 

147 

20 

14 

50 

163 

19 

12 

98 

182 

9 

5 

50 

156 

0 

0 

98 

140 

138 

99 

60 

108 

97 

90 

98 

188 

1 

0 

50 

155 

2 

1 

98 

94 

63 

67 

50 

91 

39 

43 

98 

106 

89 

84 

50 

109 

61 

56 


I Approximate percent of moiature*holding capacity. The moisture content was maintained by sub¬ 
irrigation. 

> 210 seeds were planted in the 6 pots of each treatment. 


ACIDITY 

The adjustment of soil reaction has been commonly and often suc¬ 
cessfully used to control damping-off. Thus the influence of acidity 
of the medium upon growth of the fungi in culture, as well as the 
effect of soil reaction upon both the host and disease development, 
becomes of especial interest. 

The success of acid treatments in disease control, considered with 
the observation of Gifford {S) that applications of lime and wood 
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ashes increased damping-off, has led to the general conclusion that the 
disease is favored by neutral or alkaline soils. Wilde {21) (jonsiders 
the most dosiiable reaction for nursery soil to be between pH 5.0 and 
6.0. He has stated that * a reaction of soil higher than 

pH 6.5 is highly undesirable in the nursery since it provides tiie 
optimum condition for the development of damping off fungi.’' 

Studies on the distribution in sandy Wisconsin soils of the two fungi 
considered have shown that Pytkium predominates {16) in soil more 
alkaline than about pH 5.8 and Rhizoctonm in soil more acid. Like¬ 
wise, in figure 3 it appears tJiat the relative activity of these two fungi 
was altered by a change in reaction. Tliis relationship was not found 
on soils of calcareous origin. On heavy soils, even as acid as pH 
4.2, Pythium was found abundant. This observation is in accord 
with the opinion of Hartley (7) and of Gaumann {2) that humus con¬ 
tent influences the abundance of Pythium, 

The above observations suggest that dam})ing-ofl‘ may not be 
closely limited to slightly acid or neutral soils but may, in fact, be 
favored by moderately to highly acid soils. They are iji accord with 
the suggestion that, part of the effectiveness of acid treatment 
comes from partial soil surface disinfection by the acid. 

ACIDITY AND THE PATHOGENS 

The influence of reaction on the growth of Pythium and Rhizoefonia 
in culture has been the subject of frequent studies and diverg(‘nt obser¬ 
vations, Various investigators (.9, 8^ 15y 1) n^port the minimum ])il 
for growth of Pythium to be between })11 3.1 and 4.6. Their results 
indicate the optimum to be between 3.43 and 8.3 and the upp(^r limit 
between 7.2 and 9.6. Rhizoctonia is reported (75, 4, 1^, 18y 18) as 
limited in growth at pH values between 2.4 and 3.8. Optima an^ 
given by the several workers as ranging from pH 4.5 to 7 and upper 
limits from 6.7 to 9.1. Because of this variation it seemed necessary 
to determine these acidity relations for the fungi already studied 
intensively. 

Potato-dextrose agar was used in these experiments. The medium 
was autoclaved in 200-ml, lots. Before it had solidified, 20 ml. of 
M/3 sterilized phosphates (H3PO4, NaH 2 P 04 , Na 2 HP 04 , and Na 3 P 04 ) 
in suitable combinations and 0.1 ml. of sterile concentrated sulfuric 
acid were added to each 200 ml. of medium. The flasks were shaken 
thoroughly and the agar poured into 13 plates, each containing 
approximately 15 cc. of agar. 

Each of triplicate plates at each reaction was seeded at the center. 
A 2-mm. disk was used from the advancing margin of a young culture. 
Four isolates, occupying 12 plates, were studied: Pythium P-111~A 
and F~117 and Rhizoctonia F-118 and F-5. At the time of transfer a 
thirteenth similar plate was heated just to melting and its reaction 
determined with a glass electrode corrected for temperature. The 
diameter of each of the colonies was measured every 12 hours, and the 
vertical and horizontal measurements of each were averaged for a 
given reading. All cultures were incubated at 24® C. 

The results of one experiment in which the 48-hour measurements 
were plotted are given in figure 7. 

Growth of Pymium cultures extended from pH 3.7 to about 9 and 
wi^ most rapid between 5.Q and 8.0. Rhizoctonia grew between pH 
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2.4 and about 9 and most rapidly between 3.5 and 7. Excellent 
growth for both fungi occurred around pH 6. On relatively acid 
media, at pH 3 to 4, Rhizoeimia grew well, but Pythium grew little 
if at all. How(‘ver, in media between about 8 and 8.5 Pythium grew 
well while Rhizoctonia grew poorly. Growth rate of the two species 
of Pythium was almost identical throughout the range, whereas the 
rate of growth of the two strains of Rhizoctonia differed greatly. 
Under optimum conditions Pythium was inherently faster growing 
than RhizocUmia. 

Only hydrog(*n-ion concentration was controlled and measured in 
th(‘se investigations. However, as is well known (14), very acid media 
may have a strongly positive* Eh and strongly alkaline media a nega¬ 
tive Eh. Furthermore, when growth had once* started, the metabolic 



Fkuthk 7. —Irifla( 3 iice of hydrogen-ion concentration on growth of four damping- 
oflf fungi on potato-dextrose agar, adjusted with phosphates over a pH range of 
2.3 to 8.9, The values given represent mean measurements in millimeters of 
two diameters of triplicate colonics at 24° C. 48 hours after inoculation, 

activity of the fungi and atmospheric CO 2 probably influenced the 
acidity, the oxidation-reduction potential, and various other prop- 
(ulies of the medium, wliidi might in turn have affected the growth 
of the cultures. 

ACIDITY AND THE HOST 

The influence of soil reaction on host development was observed 
in the controls of experiments designed for study of the influence of 
pH on damping-off. 

The reaction of the Plainfield sand was adjusted by treating one por¬ 
tion with hydrated lime and another witli 3 percent sulphuric acid. 
The SOU was placed out of doors during much of November and 
December, ^here it frequently froze and tliawed. In the greenhouse 
the acid and alkaline portions were mixed with untreated soU in 
various ratios to give a graded series of soil reactions. While this 
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method has some obvious objections, it was used because of the desire 
to maintain natural conditions as far as possible with respect to other 
factors involved. After standing for 2 weeks and receiving abundant 
watering, the different lots of soil were placed in 4-inch pots, auto¬ 
claved, and their acidity measured with a glass electrode, A series of 
nine lots having, respectively, the following reactions was chosen: 
pH 4.4, 4.9, 5.3, G.l, 6.6, 7.2, 7.8, 7.9, 8.4. Triplicate pots at each 
reaction were planted with 25 red pine seeds each and kept as controls. 
These served for examining the effect of soil reaction on the growth 
of the host plant. A similar set was inoculated with Pythium and a 
third set with Rhizoctoniaf as reported in a later section. All the 
pots were watered, when necessary, with a sprinkling can, and thus 
the surface had a moisture content varying from about 30 to 100 
percent. After 3 weeks under a cheesecloth cover in a 24° C. green¬ 
house, all seedlings were washed out of the controls, 50 were taken at 
random from each lot and their root lengths measured. 

The optimum range for root growth extended from about pH 4.7 
to 6.0 as shown in ngure 8, A, Growth fell off rapidly at the acid 
side, but the limit for growth was outside the range used. On the 
alkaline side growth was relatively poor between about pH 6.0 and 8.0. 
No top injury was observed in any case, but there was reduced ger¬ 
mination (30 percent) at pH 8.5. A second experiment gave com¬ 
parable data. 

These results were in general agreement with those of Wilde (21 
who found that red pine grew well over a range of pH 5.0 to 6.0. 

ACIDITY AND DAMPING-OFF 

Detailed investigations of the influence of acidity upon damping- 
off were made by Hartley (7), Jackson (P), and C. Roth (/J), who have 
reviewed much of the literature. Jackson observed that damping-off 
of seedlings with Pythium and Rhizoctonia increased from none at 
pH 2.5 to a maximum near the neutral point. C. Roth observed 
the optimum soil reaction for attack by both Pythium and Rhizoctonia 
to lie between pH 6.7 and 7,0 with a broad range favorable to growth 
between pH 5.5 and 8.3. However, with acidity increasing below 
pH 7.0 the attack by Pythium was strongly retarded and was dimin¬ 
ished to 0 at pH 4.5. Rhizoctonia^ on the other hand, caused some 
damping-off at pH 3,7. Damping-off in general decreased, as Hartley 
(7) observed, with increasing acidity from pH 8.5 to 5.0. He found 
that, in general, damping-off was not serious in nursery soil more acid 
than pH 6.0. 

The results with Wisconsin materials were secured through the 
experiment described in the preceding section. Two separate trials 
gave results which were similar, except that the amount of damping- 
off was somewhat greater, particularly with Rhizoctonia^ in the first 
trial than in the second. The results were averaged for figure 8, B 
and C, 

A broad reaction range, very favorable for attack by Pythium, 
extended from about pH 5.2 to beyond 8.5. Below 5.2 the amount 
of damping-off fell rapidly. On the other hand, for Rhizoctonia 
damping-off there appeared a broad range not too favorable for attack 
between pH 6.2 and 7.8. At the acid end damping-off increased 
rapidly to a maximum at pH 4.4. The upturn on tlS alkaline side 
may arise from the very poor growth of the seedlings near pH 8.2. 
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Increased damping-off by both fungi in soils more alkaline than 
pH 7.8 appeared correlated with poor host development. Though 
total damping-off by Rhixoctonia was lower than that caused by 
Pythium throughout the range more alkaline than pH 5.2, reaction 
at no point became a limiting factor. 

In juxtaposition to these curves for damping-off (fig. 8, B and C) 
are the curves for growth of the fungi in culture at the corresponding 
reactions. These growth curves were secured by averaging those 
given in figure 7 for Pythium and Rhizoctonia^ respectively. 

The curves representing the growth of Pythium^ of host plant, and 
the amount of Pythium damping-off (fig. 8, C and A) roughly corre¬ 
spond in the acid ranges. On the alkaline side P'ythium damping-off 
rose while mycelial growth declined. This effect may have been due 
to reduced growth of the host. 

The relation between the curves of damping-off and mycelial growtli 
for Rhizoctonia differs markedly from tliat for Pythium (fig. 8, 7?). 
Reduced damping-off by Rhizoctonia and good mycelial growth 
occurred between about 5.5 and 7.5. Except on the alkaline end, the 
damping-off data were all taken within the pH range very favorable 
for growth of Rhizoctonia. Damping-off increased with increasing 
acidity from about pH 6.0. At pH 4.5, wdiere there was still excellent 
mycelial growth, host development was limited. Consequently, as 
with Pythium^ damping-ofl‘ increased near pH 8.2 though mycelial 
growth declined. 

Soil reaction had no effect upon the ratio of preemergence to post¬ 
emergence damping-off in these experiments. Wherever damping- 
off occurred, the loss was approximately equal between these two 
tyi)es. 

DISCUSSION 

The distinct responses of Pythium and Rhizoctonia to the influence 
of temperature, moisture, and soil reaction indicate that damping-off, 
caused independently by these fungi, may be most wisely considered 
and treated as two diseases. 

Contrary to general concepts, three conditions merit special men¬ 
tion: (1) Damping-off m^ed not necessarily, as its name implies, be a 
high-inoisture disease. Rhizoctonia is favored by intermediate mois¬ 
tures and often operates in very dry soil. Excessive soil moisture 
inhibits this fungus. (2) An acid soil reaction fads as a reliable 
control for all damping-off. Though acid soil will c.ontrol damping- 
off by Pythium^ it may stimulate that caused by Rhizoctonia. How¬ 
ever, acid treatment of the soil may have a beneficial effect through 
partial disinfection of the soil surface. (3) Since the trend of post¬ 
emergence damping-off is up with rising temperature and since this 
is the loss commonly seen by nurserymen, it has been concluded thait 
damping-off is a warm-temperature disease. However, at low tem¬ 
peratures there may be excessive Pythium losses which go unob¬ 
served because they occur before emergence and are thus imputed 
to poor seed germination. 

The present observations have been made under controlled condi¬ 
tions in the greenhouse. The temperature and moisture have been 
constant at the chosen levels. In nature these factors often fluctuate 
rapidly and widely. The possibilities are open that the responses of 
host; and parasites might be different in fluctuating environments 
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from those in constant environments. The influence of temperature, 
moisture, and soil reaction on Pytkium and Rhizoctonia damping-off 
in the nursery is considered in another paper (f7). 

SUMMARY 

Pythium irregulare and Rhizoctonia solanf the principal damping-off 
fungi in Wisconsin fon^st nurseries (ff?), the diseases they induce, and 
tlieir host red pine {Pinus reshiosa) were studied under controlled 
conditions for their responses to several important environmental 
factors. 

Temperature influenced the rate as well as the amount of seedling 
emergence. In uninoculated containers germination was poor at 12° 
and 15° C., good at 18° and 33°, and excellent at from 21° to 30°. 
The subsequent growth of the seedlings was best between 15° and 
30°. 

The effect of temperature on damping-off by the two fungi was 
striking. Pythium killed over 90 percent of the seedlings at 12° C., 
only about half of tlnun at 33°, and had intermediate effects betwoon 
these temperatures. At 12° Rhizocionia damped-off only a few' seed¬ 
lings. This loss increased to a maximum of aj)proximat ely 58 percent 
at 24° to 30° and then declined at 33°. 

The optimum temperature for growth of both fungi on potato- 
dextrose agar was 28° C, At 4° Rhizoctonia approached a minimum 
though Pythium continued to grow’ moderately well. Decline in 
growth rate above 28° was more rapid for P'ythlum than for Rhizoc¬ 
tonia. There appeai'cd to be no relation between rate of growth by 
Pythium in cultures and the amount of damping-off in soil. However, 
the curve for damping-off by Rhizoctonia paralleled that for fungus 
growth. 

With moistnre content, Pythium damping-off increased from a 
minimum at 13 percent to a maximum at 100 percent. Rhizoctonia 
dam])ing-ofr in the soil gradually increased from a high level at 13 
percent to a maximum at 08 percent and then decreased to a minimum 
at saturation. 

A successful method for controlling the moisture content of the 
surface one-half inch of soil, in wdiich damping-off fungi are most 
active, has been described. 

The root len^jths of the red pine seedlings were greater in the 
relatively dry soils than in the wet soils. 

Air humidity had little or no influence on Pythmm damping-off, 
but high air humidity increased the loss caused by aerial mycelium of 
Rhizoctonia. 

Acidity also was important to both mycelial and host growth. In 
culture, growth of Pyinium extended from pH 3.7 to about 9 and was 
best between about 5 and 8. Rhizocionia grew from pH 2.4 to about 9. 
Most rapid growth was between about 3.5 and 7.5 The optimum 
range for development of red pine was from about pH 4.7 to 6. Keac- 
tions below pH 4.7 and above 6 were relatively toxic. 

With respect to damping-off, a broad range favorable for Pythium 
lay between pH 5.2 and 8.5 Below 5.2 the loss was comparatively 
small. A close relation appeared between the rate of growth in cul¬ 
ture and the severity of Pythium damping-off. However, for Rhizoc¬ 
tonia the range from pH 5.2 to 7.8 was only moderately favorable, 
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and increase was rapid with acidity stronger than pH 5.2. Increase 
in damping-off by both fungi at levels above pH 7 appeared associated 
with decline in host development. 

Damping-off by Pythium and Rhizoctonia was shown to be two 
distinct diseases. 

Information about the influence of environment on the develop¬ 
ment of these diseases is helpful for accurate interpretation of disease 
development in the nursery. 
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INHERITANCE OF SYMPTOM EXPRESSION OF BEAN 
MOSAIC VIRUS 4 ‘ 

By W. J. Zattmeyer, pathologist^ and L. L. Harter, senior pathologist, Division 
of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry, Soils, 
and Agricultural Engineering, Agricultural Research Administration, United States 
Department of Agriculture 


INTRODUCTION 

Zaumoyer and Harter have recently described a new virus 
diseas (3 of beans (Phaseolus tmlgaris L.) produced by bean mosaic 
virus 4 (soutiiern bean mosaic virus 1 ). Eighty varieties or strains 
of beans were inoculated and all were found to be susceptible, but 
the expression of susceptibility varied with the variety used. Twenty- 
four varieties were homozygous for susceptibility to local lesions, 48 
were homozygous for susceptibility to systemic infection, and 8 
were lieterozygous. 

Homozygous varieties or strains that manifested local lesions, 
although susceptible to the virus at points of inoculation, vrere immune 
to the systemic infection. The virus could be recovered from the 
leaves showing local lesions but not from any other portion of the 
plant. Local h^sions, if they occurred, appeared in 2 or 3 days 
after inoculation as somewhat circular, l>rownish-red, necrotic spots 
that ranged from 1 to 3 mm. in diametc^r (fig. 1 , A, (J). Leaves 
having numerous necrotic spots dropped off within a short time, 
thus eliminating the virus. l%nts locally infected were susceptible 
to reinfection. 

All the plants that did not show the local-lesion type of infe(*tion 
developed the systemic mottling (fig. 1 , jFf, Z>) about 10 days after 
inoculation. In some varieties the mottling was mild, with little 
leaf malformation or distortion or plant stunting; in others the leaves 
were curled and reduced in size, and the plants were stunted. The 
yield of seed from such plants was much smaller than that from healthy 
plants. The virus was recovered from all portions of a systemically 
infected plant, and juice (extracted from such a plant always produced 
necrotic lesions when inoculated to varieties susceptible to the local 
lesions. No variety was immune to the virus. 

The studies reported herein deal with the inheritance of two types 
of re^sponse, as indicated by the segregation of F 2 and F 3 hybrids 
inoculated with bean mosaic virus 4. These two types of plant re¬ 
sponse to infection will be referred to throughout the papiT as ( 1 ) 
local-lesion infection, in which only local lesions occur on inoculated 
leaves with no apparent injury to the plant and with no further develop¬ 
ment of the disease; and ( 2 ) systemic-mottle infection, in which mot¬ 
tling and general injury to the plant follow inocula tion with a reduction 
in yield corresponding to the severity of the disease. 

’ Keedved for publication November 20.1942. 

* Zaumeykr, W. J., and Hartrr, L. L. a new virus disease of bean. (Phytopalh. Note) Pbyto- 
patholoRy 32: 438-439. 1942. 

» Zauhryer, W. J., and Harter, L. L. two new virus diseases of beans. Jour. Apr. Res. 97: In 
press. 1943. 
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MATERIAL AND METHODS 


The virus used in these studies was isolated from infected beans 
growing under greenlioiise conditions at Beltsville, Md, 

The crosses were originalh’’ made under controlled greenhouse con- 



FiauRE L—Host reaction to bean mosaic virus 4: A, Ijocal necrotic lesions on 
Pinto (Colorado strain); B, systemic mottle on No. 780-2H; C, local necrotic 
lesions on Fg plant of a cross between Pinto (Colorado strain) and No. 780-2H; 
D, systemic mottle on another Fg plant of same cross. 

ditions for the study of the inheritance of resistance to another disease; 
but, when it was noted that one of the parents of each cross was 
subject only to the local-lesion type of symptoms produced by bean 
mosaic virus 4 (fig. 1, A, C), and the other parent showed only the 
systemic-mottle type of symptoms (fig. 1, Z>), it was decided to use 
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this material to determine the mode of inheritance of the expression 
of symptoms of bean mosaic virus 4. Fi crosses were not tested. Two 
of the F 2 crosses were reciprocals of each other (see table 2 ) and the 
others were not, but all reacted in a similar manner. 

The F 2 plants were inoculated in the greenhouse at Beltsville, Md. 
The seed was planted in 4-inch pots, and the plants were inoculated 
when the simple loaves wen*, about thnic-fourths developed. Car¬ 
borundum powder No. 38713 was dusted lightly on the leaves, and 
one simple leaf of each plant was inoculated. This was done in the 
usual manner by lightly rubbing the leaves with a cheesecloth pad 
dipped in a slightly diluted extract of the virus. After inoculation 
the leaves were washed with a line spray of water. The records of 
plant response were made about 4 or 5 days after inoculation, and 
plants on which local lesions were formed and those on which they did 
not form w(‘re labeled and chosen at random for transplanting to green¬ 
house beds, where they were allowed to grow to maturity. Those 
that were not transplant(*d remained in the pots for at least 14 days 
in order that the number systemically infected might be determirted. 
The number of transidanted plants systemically inf(‘cted was also 
recorded. In cases wdiere the mottle symptoms wen* in doubt, juice 
was (‘xtracted fiom a few^ l(‘aves and inoculated to plants of the Ideal 
Market- variety, which is very susceptible to the locuil-lesion infection. 
By this method proof wois established of the presence* or absence of the 
virus in such plants. 

The seed harvested from transplanted F 2 plants was grown in 4-inch 
pots, and the F 3 plants produced were tested for their reaction to bean 
mosaic virus 4. In case of doubt as to wdiether certain F 3 plants w’ere 
systemically infected, the same procedure was followed as wdth the 
F 2 inoculated plants. 

All data have been subjected to the test for goodness of fit to 
certain theoretical ratios. This test was applied independently to F 2 
families from individual Fi plants, to F 3 familievS from F 2 plants, and 
to the totals of a number of tested families. 

EXPERIMENTAL RESULTS 

REACTION OF SELFED PARENTS 

The reaction to bean mosaic virus 4 of the selfed parents used in the 
several crosses is shown in table 1 . In every case a variety or strain 
showed either the local-lesion infection or the systemic infection, but 
never both. Hundreds of plants of commercial varieties were in¬ 
oculated, and all were found to be susceptible to either local or sys¬ 
temic infection. 
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Table 1. —Reaction of the selfed parents used in the various crosses when inoculated 
with bean mosaic virus * 


Parent 


Blue Lake. - - 

Brittle Wax. ... . _ . . 

Corbett Refugee (No. 7-B~2)i. 

Oranberry. 

Pinto (Colorado strain).... . 

Pinto (Idaho strain).... 

Red Kidney.-.-. 

No. 7651*.. 

No. 780-2H ' 3 . . 



Plants showing - 

Plants In- 

OCUlrtttHl 

Local-lesion 

infection 

Fysternio- 
niottlo in¬ 
fection 

Number 

Number 

Number 

30 

30 

0 

.30 

0 

30 

30 

30 

0 

30 

0 

30 

30 

I 30 

0 

‘M) 

30 

0 

30 

! 0 

30 

30 

1 30 

0 

30 

0 

30 


1 Numbers carried in the flies of the writers. 

* A selection from the Kentucky Wonder Wa.\ variety. 

* A white-seeded Kentucky Wonder hyi)rid. 

REACTION OF Fa GENERATION 

The Fi plants were not tosted. An analysis of the ¥2 data (table 2) 
shows that the local-lesion type of infection (fi^. 1, 60 is dominant 

to the systemic-mottle type (fig. 1, B, D) with a 3:1 segregation, 
indicating a single-factor difference. Tlie reciprocals behaved alike. 
The values indicated that the observed data fit the calculated quite 
closely except in 1 case where the x^ value exceeded the 5-percent 
but not the 1-percent point. Out of a total of 450 plants, 335 showed 
local-necrotic infection and 115 systemic infection. This segregation 
is a close fit to a 3:1 ratio, Vith a x^ value of 0.075.^ 


Table 2. —Reaction of Fi progenies when maculated with bean mosaic virus ^ 




j Plants showing - 


Percentage of cross 

Plants in- 
oculate^d 

Local-lesion 

infection 

Systemic- i 
mottUs in¬ 
fection 

X* for 3 : 1 
ratio ‘ 

Blue Lake X No. 780-2H*.... 

No. 780-2H* X Blue Lake..... 

Brittle Wax X No. 765*..... 

Cranberry X Pinto (Idaho strain). 

Pinto (Colorado strain) X No. 780-2H>.. 

Red Kidney X Corbett Refugee (No, 7-B-2)*__j 

Number 

83 
34 

147 

37 

65 

84 

Number 

66 

25 

109 

27 

41 

67 

Number 

17 

9 

38 

10 

24 

17 

0.904 

.038 

,056 

.093 

4.928 

.904 


* 5-percont point* 3.841. 

> Numbers carried in the flies of the writers. 


REACTION OF Pa GENERATION 

Of 63 F 3 f^ilies derived from F 2 plants that showed the local- 
lesion type of infection, 24 were homozygous for the local-lesion type 
of infection and 39 were heterozygous, when inoculated with bean 
mosaic virus 4 (table 3). The deviation from the calculated 1 : ratio 
of homozygous to heterozygous local-lesion type families was non¬ 
significant, with a X® value of 0.589In the 39 heterozygous 

^ 6«peroeni.point*3.84l. 

<>|>Qro6nt point *3.841. 
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families, the sogrogation of plants with the local-lesion type of infection 
and plants with tlic systemic-mottle type showed a good fit to a 3 :1 
ratio (table 3). The progeni(*s from 29 selfed families of the sys¬ 
temic-mottle type of infection were homozygous for systtmiic infection 
(table 3). These r(*sults contributed additional proof in support of the 
single-factor hypotlu^sis. 

Table 3.— lie.aciion oj Fn progmieff descended from previously tested Fg piogenics 
when inoculated with bean ynnsaic virus ^ 

.. . 

I I ! IMants showing— 

(’InssiflpMlion in Ts pcnpratlon 


llfiinozypolls looal-losion lypo... 
llctorozygous locsil-k'.sion type : 
Observed 

Calculated 3: 1 ratio. 
lIomr)zygous sysli'rnie-Tiiotlle typ*' .. .. 


I X 2 for 1 ; '2 distribution of families — O.Jisy: 5*iK*rtvnt jH»int 3.S41. 

* X ^ for total population was 3,r.4l; f)'i»ereent jK»int -- 3.N41. Aceurnulatod x* was MH^rcent point 
. (i2.r)y2 for 39 di'grees of freedom. 

DISCUSSION 

The r(*sults ch'arly demonstrate that in the hybrids investigated the 
inh(*rit.ance of the expression of symptoms of bean mosaic virus 4 is 
jjovfM iied by a single genetic-factor difference and that the local-lesion 
infection is dominant to the systemic-mottle type. The reaction of 
the heterozygous plants was indistinguishable from that of plants 
homozygous for the local-lesion type of infection. 

flolmes,*^ in studying the inheritance of the localization of tobacco 
mosaic virus in certain pepper varieties, found responses similar to 
those reported here for beans. His results indicated that, in crosses 
b(‘tween pepper varieties that showed only necrotic lesions and 
varieties that were systemically infected, a single dominant Mtmde- 
lian factor governed the inheritance of the local-lesion type of infection 
caused by tobacco mosaic virus. He reported similar results in 
investigations dealing with the inheritance of resistance to tobacco 
mosaic in tobacco^ and Brov)allia.^ 

In the tests here reported a few plants in certain progenies showed 
the heritable leaf variegation described earlier.*' The greater the varie¬ 
gation the less clilorophyll the leaves contained. In most instances 
variegated plants of the dominant genotype did not respond to the 
localJesion infection, and, when they did, the lesions were smaller 
than those on normal plants. On the other hand, the virus was not 
prevented from becoming systemic in the variegated plants of the 
recessive pnotype. Although the mottled symptoms were difficult to 
diagnose because of the variegated character, juice from such plants 

® Holmks, F. 0. JNHEHITAXCE OF ABILITY TO LOCALIZE TOBACCO-MOSAIC VIRUS. Phytopathology 24 : 984- 
1002, Ulus. 1934. 

7 -- INHERITANCE OF RESISTANCE TO TOBACCO-MOSAIC DISEASE IN TOBACCO. I'hytopathology 28 *. 663- 

6G1, illus. 1938. 

I-INIIEBITANCB OF RESISTANCE TO TOBACCO-MOSAIC DISEASE IN BROWALUA. Phytopathology 

28: 363-360, illus. 1038. 

, *i^AUMEyER. W. J. INHERITANCE OF A LEAF VARIRGATION IN BEANS. JoUr. Agr. ROS. 64: 119-127, UlUS. 
1942. 


Families 
tcsteii 1 

Plants 

Local- 

.Systemic 



losion 

mottle 



infection 

infection 

Number 

Number 

Number 

Number 

24 

1,065 

l,(Ki6 

0 

39 

1,494 

1,162 

»342 



1 1,120. .5 

573.6 

29 

424 

0 ! 

424 
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produced local lesions on Ideal Market, proving the presence of the 
virus. It is not known wh^y local infection was inhibited in the varie¬ 
gated plants and systemic infection was not. 

Immunity to bean mosaic virus 4 has not l>een observed in any 
variety thus far tested. Thirty-two varieties have been found that 
possess the dominant character for virus localization. Twenty-four of 
these are homozygous for this character and hence are immune to the 
systemic type of infection. These varieties can be classified as com¬ 
mercially resistant, since little or no damage to the plants results 
from such infection. Unfortunately most of the important canning 
and market-garden varieties carry the recessive factor and are therefore 
subject to the systemic type of infection. Since the inheritance of 
the types of symptom expression is of a simple nature, little diflBculty 
should be experienced in producing through hybridization varieties 
susceptible only to local-lesion infection. It would seem that the 

E roduction of such varieties could eventually eliminate the loss caused 
y bean mosaic virus 4 in beans. Such varieties are being developed 
at the present time. 

SUMMARY 

The inheritance of the expression of symptoms of bean mosaic 
virus 4 was found to be governed by a single allelomorphic pair of 
Mendelian factors. Plants carrying the dominant allelomorph arc 
susceptible to a local-lesion type of infection that causes little or no 
damage, whereas the homozygous recessive plants are susceptible to a 
systemic type of infection that causes leaf mottling, stunting, and re¬ 
duction of yield. 

jUthough immunity to bean mosaic virus 4 has not been observed, 
varieties possessing the dominant gene for virus localization are 
considered commercially resistant, since in these varieties the infection 
does not become systemic. Such varieties are being used in hybridiza¬ 
tion as parental material for producing other commercially resistant 
varieties. 



THE OCCURRENCE OF CITRIC AND ISOCITRIC ACID IN 
BLACKBERRIES AND IN DEWBERRY HYBRIDS' 

By A. ]j. Curl, assistant chemist, and E. K. Nklson,* formerly senior chemist, 
Agricultural Chemical Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States Department of 
Agriculture 

INTRODUCTION 

Isocitric acid was first found in nature as the principal acid in 
eastern blackberries (.9, 11).^ Blackberries from the State of Wash¬ 
ington were also found to contain isocitric acid {2). On the other 
hand, the principal acid of the Ijoganberry was found to be citric 
acid (5, 10). These investigations have now been extended to include 
three named varieties of blackberries, the Brainerd, Crandall (Maca- 
tawa), and Texas Wonder, and the dewbeny hybrids, Young (Young- 
berry) and Boysen (Boysenberry). 

EXPERIMENTAL METHODS AND MATERIAL 

Since there is no publislied method for the determination of iso¬ 
citric acid, Uie ester-distillation method (8, 4f 0, 7, 9, 11) which 
led to the discovery of isocitric acid in blackberries, was used. As 
this jpeneral procedure for the separation of the nonvolatile acids and 
the fractionation of their ethyl esters has been described previously 
many details will be omitted here. In this procedure the nonvolatile 
acids, such as citric, isocitric, and malic, are converted into the ethyl 
esters, the latter are fractionated, and liydrazides are prepared from 
the various fractions. The individual acids are identified by the 
boiling point and optical rotation of their esters, and by the rate and 
manner of crystallization, the melting point, and the crystalline form 
of the liydrazides. From the quantities of the various esters obtained, 
approximate values for the amounts of the corresponding acids 
present may be calculated. 

The fruit used in the investigation was obtained by the Fruit and 
Vegetable Chemistry Laboratory of the Bureau of Agricultural and 
Industrial Chemistry in Los Angeles and shipped frozen to Washing¬ 
ton, D. C. Table 1 shows the varieties used, the quantities, and the 
yield of crude ethyl esters. 


Table 1. —Fruits examined, quantities used, a7id yields of crude ethyl esters 


Variety 

Quantity of 
fruit 

Crude ethyl 
esters 

Brainerd.... 

Grams 

4,700 

Grams 

52,8 

Crandall.... 

8,200 

67.5 

Texas Wonder... ... .. 

7,860 

60.0 

Young. . 

6,000 

65.4 

Boysen. ...i 

7.060 

58.5 



^ Received for publication October 22,1942. 

* Died NovemDcr 9,1940. 

< Italic numbers in parentheses refer to Literature Cited, p., 295. 
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Table 2 gives the results of the experiments. All samples were 
fractionated at 10 mm. Optical crystallographic examinations were 
made by G. L. Keenan, Food and Drug Administration, Federal 
Security Agency, 

EXPERIMENTAL RESULTS 

Tablk 2. —Physical constants of the fractions of the ethyl esters of designated black- 
berries and dewberries 


BRAINERU 


Fraction 

Roiling 

point 

Weight 

Optical 
rotation 
at 20'' (\ 

Melting 
point of 
hydrazide 

MTixed melting iK»int with 
known hydrazide 

1 .. 

2 .-. 

.-. . 

^C. 

81-123 

123-12f. 

17.5-177 

Grams ; 
1.8 
12.9 1 
27.0 

-11.7 

2 +5. .3 

'•C 

178 

178 

176 

178 /-malic hydrazide. 

178 /-inalie hydrazide. 


C R AN DA LI. (M A (' A T A W A) 


1 . i 

1 

112 126 

1 

0.9 


178 

178/-malic hydrazide. 

2 . ; 

126-130 

8.0 

-ii.4 

178 


3«. 

180-186 

.51.6 

2 +5.1 

176 


TEXAS WONDER 

1 . 

114-125 

10 . 1 

-12.0 

179 

179/-malic hydrazide. 

2 . . 

125-165 

1.6 


I 179 


3. 

173-176 

3.2 


168 

167 isocitric hydrazide. 

1 .... 

176-181 

32.9 

1 2>,.2 

172 



V01:N(} 


1. . 

122-137 

4. 1 

-11.0 

179 

180 /-malic hydrazide. 

178 /-malic hydrazide. 


137-170 

1.5 

177 

3 a. .. 

170-171 

46.5 


106 

43 . . 

171-181 

4.6 

2 -2.0 

J73 

171 isocitric hydrazide. 

. j 


HOVSKN 


1.... 

1 

Relow 118 

1.0 

1 1 

1 - i 

178 

178 /-malic hydrazid»‘. 
178 /-malic hydrazide. 

2.. 

120-130 

4.1 

-11.3 i 

! 

178 

33.. 

170-175 

42.4 

105 

4 2 

Above 175 

1.3 


172 

172 isocitric hydrazide. 



I 


» Optical crystalloRraphic examination confinned the identification of th€'hydrazidcaf.Lsocitrl(jhydrazido. 
* The variable values shown ore probably du'? to the fonnation of a mixture of trJethyl isoclt rate and diethyl 
isocitrate lactone from isocitrlc aci(i during esterification. 

3 Optical crystallographic examination confirmed the identification of the hydrazides of fractions 3 and 4 
as citric and Isocitric hydrazides, resijeetivcly. 


The juice of the Brainerd blackberries was examined for citric acid 
by the Association of Official Agricultural Chemists^ method (i). 

Table 3. —Proportions of isocitric, citric, and Umalic acid found in berries examined 


Variety 

Acids 

Isocitric 

Citric 

I>malto 

.Bndnerd.-........____ 

Percent 

65 

85 

75 

4 

6 

. 

Pereewt 

0 

0 

0 

85 

86 

Peretmt 

85 

15 

25 

U 

8 

'iOttixidall. ... . _ 

Toxas Wonder.-.. ... 

..Bovsan..... 

... 
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The result (0.05 percent) was piuctically negative, indicating not 
more than a trace of citric acid. 

The approxiniate proportions of the isocitric, citric, and /-malic 
acids arc given in table 3. 

Isocitric acid predominates in the Brainerd, C'randall, and Texas 
Wondin* varieties, all of which are (‘astern blackberries. Ciiric acJd is 
the principal acid of the Boysen and Young, and it also occurs almost 
exclusively in the Logan (Loganberry), all three of which are trailing 
varieties ndatc'd to th(5 I^acific coast blackberry. From the above it 
appears that there may be a ndationshij) betwccui the type of b(‘rry 
and the principal acid (isocitric or citric). No final conclusion should 
be drawn, however, until a larger number of varieties of both bush and 
trailing blackberries have been examined. 

SUMMARY 

The nonvolatile acids present in thr<‘e blackberries, Brainerd, 
Crandall, and T(‘xas Wonder, and in two trailing hybrids, the Boysen 
and the Young, have b<‘en investigated by the ester distillation method. 
The predominating acid in the three blackbcuTies was found to be 
isocitric a<^id, whercais in the Boysen and Young d(‘wb(*rries it is 
citric acid. 
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TWO NEW VIRUS DISEASES OF BEANS ^ 

By W. J. Zattmeyer, pathologist^ and L. T^. Harter, senior pathologist, Division 

of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry, Agricultural 

Research Administration, United States Department of Agriculture 

INTRODUCTION 

Severely mottled pods of bean {Phdseolus vulgaris L.) of unknown 
varieties were sent to the writers in 1940 and 1941 from Louisiana and 
California for diagnosis of the mottling, which was suspected of being 
caused by a virus. Preliminary inoculations of the Ideal Market, 
Black-Seeded Green Pod, and Full Measure varieties with the ex¬ 
pressed juice from the mottled pods from Louisiana produced local 
lesions in about 3 days on Ideal Market but not on the other two 
varieties. About 10 days later fairly intense systemic-mottle symp¬ 
toms appeared on the trifoliate leaves of Full Pleasure and a milder 
mottling on Black-Seeded Green Pod. Mottling was never observed 
on Ideal Market. These tests supported the writer’s early belief 
that a virus not previously described was involved. 

Extracted juice from mottled plants of Stringless Green Refugee 
•own from seed produced the previous year in a screened house at the 
ureau of Plant Industry Station, Beltsville, Md., and thought to be 
infected with bean virus 1, was used to inoculate the same varieties 
that were inoculated with the previously mentioned virus isolated from 
the mottled pods, in order to make a preliminary comparison of the 
two viruses. Three to 4 days after inoculation local lesions appeared 
on Ideal Market but not on Full Measure and Black-Seeded Green 
Pod, showing that bean virus 1 was not involved. In some respects 
the local lesions were not identical with those produced by the virus 
isolated from the mottled pods. Later mottle symptoms developed 
on the trifoliate leaves of the last two varieties but not on those of 
Ideal Market. 

This paper deals with the identification of these two viruses and 
gives descriptions of the diseases produced by them. For the con¬ 
venience of the reader the names to be applied to the viruses are given 
here rather than at the close of the paper. The virus isolated from 
the mottled pods is called bean mosaic virus 4 (southern bean mosaic 
virus 1) and the virus isolated from the mottled leaves collected in the 
greenhouse at Beltsville, Md., bean mosaic virus 4A (southern bean 
mosaic virus 2). It is proposed that according to Holnies' system of 
classification {9),"^ bean mosaic virus 4 be known as Marmor laesiojon 
dens sp. nov. and bean mosaic virus 4A as Marmor laesiofadens var. 
minor var. nov. 

DISTRIBUTION 

Little is known regarding the distribution of these two viruses under 
field conditions. Many mottled pods iiave been collected by market 
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inspectors from beans originating in Louisiana, and it is likely that 
both viruses may be rather common in the South. Bean mosaic virus 
4A has been isolated from beans grown in Maryland and California, 
but reports indicate that it was not widespread in those States in 
1941. It was also isolated from plants of Stringless Green Refugee 
grown from seed produced in southern Idaho in 1940. What may be 
the same virus was brought to the attention of the writers by a seeds¬ 
man who stated that a large planting of the Golden Gate Wax variety, 
which is reported to be resistant to bean virus 1, was seriously affected 
by mosaic in Mississippi in 1941. It is unlikely that the disease in 
question could have been yellow bean mosaic (bean virus 2), since this 
virus is not seed-borne in beans and must arise from secondary aphid 
transmission from mosaic-infected sweetclover growing in proximity 
to beans. Sweetclover is not commonly grown in the South, and 
hence it is believed that this virus was not the cause of the disease. 

Eight collections of bean mosaic were made in Colorado in 1941 and 
inocmated to the Ideal Market variety, but in no case was bean 
mosaic virus 4 or 4A isolated. However, seed grown there in 1941 
and planted in the greenhouse at Beltsville. Md., produced mottled 
plants that were proved to be infected with bean mosaic virus 4A, 
thus indicating that this virus occurs in Colorado. 

METHODS 

All of the investigations were conducted under greenhouse condi¬ 
tions at Beltsville, Md., at temperatures ranging from approximately 
18° to 27° C. Each virus was studied in a separate unit of the green¬ 
house^ in order to prevent mixture of the viruses. All the plants 
were moculated in the early stage of growth. As a rule the inocu¬ 
lations were made on primary leaves 10 to 14 days after planting, 
but frequently even yoimger leaves were used. The leaves were 
dusted lightly with carborundum powder No. 38713, rubbed gently 
with expressed juice containing the virus, and then, after the mechani¬ 
cal inoculation, washed off with a fine spray of water. 

The methods used for studying the properties of the viruses were 
similar to those employed in previous studies {2^^ 25), 

EXPERIMENTAL RESULTS 

FACTORS AFFECTmO INFECTION 

The present studies showed that infection was more readily ob¬ 
tained with bean mosaic viruses 4 and 4A than with bean virus 1. 
Even with the use of carborundum powder as an abrasive, 100 per¬ 
cent infection of susceptible varieties was very difficult to obtain 
with bean virus 1 {28). Other investigators (4, 12^ 14) have reported 
similar results. Although carbonmdum powder was usually em¬ 
ployed in the inoculations, almost as much infection was produced 
witnout it. Similarly, leaves sprayed with water after inoculation 
manifested no more local lesions than unwashed leaves. In practi¬ 
cally all inoculations, 100 percent of the plants became infected 
either locally or systemically. 

Infection was readily obtained by painting the simple leaves of 
Ideal Market with a camers-hair brush dipped in undiluted expressed 
juice from plants affected by the two viruses. Within a few days 
about as many local lesions appear ed on those leaves as on the check 
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leaves rubbed in the usual manner. These results indicated the 
highly infectious nature of the viruses, although the extreme sus¬ 
ceptibility of the variety may also have been responsible. With a 
few exceptions, varieties susceptible to the local-lesion type of infec¬ 
tion appeared not to differ in the degree of susceptibility. (See table 
1.) Further proof of the infectious nature of bean mosaic virus 
4A was demonstrated by brushing the upper sides of 20 leaves of 
Ideal Market with a camePs-hair brush and then spraying them with 
a 1 to 50 dilution of the virus. An equal number of unbrushed 
leaves also were sprayed with the virus of the same dilution. Six 
days later, 26 local lesions were observed on the brushed leaves 
and 2 on the unbrushed leaves. Dropping the expressed virus 
juice on uninjured leaves produced no infection. 

Although the age of the inoculated plants did not have as much 
influence on infection with bean mosaic viruses 4 and 4A as it did on 
bean virus 1, simple leaves about three-quarters grown were usually 
chosen for inoculation. In general, old leaves were not as susceptible 
to infection as young ones. 

In order to determine more accurately the relative susceptibility of 
leaves of diflereiit ages, bean mosaic virus 4 was used to inoculate 
a number of Ideal Afarket plants 9, 10, 12, 15, 19, 22, and 26 days 
after planting. On the ninth day the simple leaves were approxi¬ 
mately 3 cm. wide, and after 26 days they were approximately mature. 
The lesions on leaves inoculated 9 and 10 days after planting were well 
developed but not numerous. After the twelfth- and fifteenth- 
day inoculations they were very numerous and rather large. Lesions 
from inoculations after both the nineteenth and twenty-second days 
were loss numerous and smaller. No lesions were produced by 
inoculations 26 days after planting. 

In another experiment one simple leaf about three-quarters grown 
on each of 20 plants of Ideal Market was inoculated 14 days after 
planting with a 1 to 50 dilution of bean mosaic virus 4. Six days 
later the opposite simple leaf was inoculated. At the same time 20 
leaves were inoculated on other equal-aged plants on which neither 
of the primary leaves had previously been inoculated. The total 
number of local lesions on the first inoculated leaves was 1,348, while 
the total number of lesions on the opposite leaves, which were inocu¬ 
lated 6 days later, was 536, The number of lesions on the third set 
of inoculated plants was 484. Besides being fewer in number, the 
lesions were smaller and slower to appear than those on the first 
inoculated leaves. 

It was also demonstrated experimentally that fewer lesions were 
produced on old simple leaves than on young trifoliate leaves of the 
same plant inoculated at the same time. The lesions produced on 
old simple leaves were usually smaller than those on immature simple 
leaves. 

Whether local or systemic symptoms were produced by bean mosaic 
virus 4 and bean mosaic virus 4A depended on the varietv inoculated. 
On such varieties as Alabama No. 1, Blue Lake, Pink, and Ideal 
Market, only local lesions were produced. (See table 1.) On Boun¬ 
tiful, Commodore, Pull Measure, and Brittle Wax, only the systemic 
mottle symptoms were pioduced. (See table 1.) In no case did 
the same plant of any variety thus far tested show both local and 
systemic infection. In a few instances mottle symptoms appeared 
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on certain plants that had exldbited local lesions on the inoculated 
leaves, but later such mottling was found to be caused by bean virus 1. 
Since bean virus 1 is seed-borne, it is not likelv that the symptoms 
would be noticed in all cases on the primary leaves; in some cases 
they would be noted only on the trifoliate leaves. 

Occasionally only a few lesions were produced on an inoculated 
leaf, but in no such instance did the trifoliate leaves show mottle 
symptoms. Similarly, in a few instances varieties normally showing 
local lesions manifested none at all upon inoculation, but in no case 
did they thereafter exliibit mottle symptoms; that is, they simply 
escaped infection. 

When it was repeatedly notcid that a plant that exhibited local 
lesions never manifested systemic infection, a mixture of two viruses 
was suspected in case of both bean mosaic virus 4 and bean mosaic 
virus 4A—one producing only local lesions and the other only systemic 
infection; it was also surmised that possibly the local lesions immu¬ 
nized the plant, against systemic infection. ICowcver, varieties 
susceptible to the local-lesion type of infection wh(n inoculated with 
expressed juice from mottled leaves of plants inoculated with either 
bean virus 4 or bean virus 4A produced local lesions only, indicating 
that only a single virus was involved. It is quite conceivable from a 
genetic standpoint that a plant is resistant or susceptible either to the 
local or to the systemic infection. In most cases (sec table 1) the 
varieties were homozvgous for either local-lesion or systemic infection. 
A few varieties, as, for example, Davis Stringless Wax, French Hor¬ 
ticultural, Low Champion, and Idaho Refugee, were heterozygous. 
(See table 1.) 

' SYMPTOMS 
Bean Mosaic Virus 4 

The local lesions produced by bean mosaic virus 4 on a variety such 
as Ideal Market frequently appear about 3 days aftcT inoculation 
and even earlier \inder ideal conditions. Usually they are almost 
circular in shape, brownish red in color, and frequently have light 
centers. They range from 1 to 3 mm. in diameter. Tlui size of the 
lesions depends in part on the variety and the age of the plant wluui 
inoculated and in part on the number of lesions per unit area. On 
certain varieties such as Pink the lesions may attain a diameter of 
3 to 4 mm. (fig. 1, A). On most varieties the lesions do not have 
a clearly defined edge but are somewhat diffuse or spreading (fig. 1, 
A and B) . When the virus is very concentrated, the lesions may be so 
numerous that they coalesce, often causing the leaf to die ana drop 
off. When the lesions are located near the veins and vcanlcts, the 
tissue may become necrotic for a distance of 1.5 to 3 cm. from the point 
of infection (fig. 1, A and B). 

The systemic or mottled symptoms produced by bean mosaic 
virus 4 are noted only on those plants that do not exhibit local lesions. 
The first evidence of infection is a mild mottle of the trifoliate leaves 
(fig. 2, C and E) similar to that produced by bean virus 1. Later, 
especidly on those varieties that are somewhat tolerant to bean virus 
1, such as Full Measure, Burpee Stringless Green Pod, Brittle Wax, 
and Hardy Wax, the mottling becomes quite intense. Vein banding 
is common, the interveinal tissue being lighter green than the tissue 
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adjacent to the veins. The leaves may also be puckered and blistered, 
typical of the symptoms produced by bean virus 1 (fig. 2, B) as they 
occur on Stringless Green Refugee and other highly susceptible vari¬ 
eties. Bean mosaic virus 4 produ(*cs very mild symptoms that can 



Figure 1.—Local lesions produced by bean mosaic viruses 4 and 4A on several 
varieties: A and By Bean mosaic virus 4 on Pink and Pinto (Colorado strain), 
respectively; C and Dy bean mosaic virus 4A on Ideal Market and Low Cham¬ 
pion, respectively. Ey Leaf of Full Measure inoculated with bean mosaic 
virus 4, on which neither virus causes local lesions. F, Uninoculated leaf of 
Ideal Market. 
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Figube 2. —Variations in systemic symptoms produced by several viruses infec¬ 
tious to bean: Stringless Green Refugee leaves infected with bean virus 2 (A)t 
Ijean virus 1 (B), and bean mosaic virus 4 (C); Stringless Green Refugee pod 
infected with bean virus 1 (B); U. S. No. 5 Refugee leaf infected with bean 
mosaic virus 4 (E ); Black Valentine pod infected with bean mosaic virus 4 (F)* 
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be readily overlooked on Stringless Green Refugee (fig. 2, G) as well 
as on the mosaic-resistant Refugee varieties (fig. 2, E), (See table 1.) 
On some varieties, as, for example, Low Champion and Red Valentine, 
vein necrosis, which may cause the leaves to drop off, occurs on the 
young trifoliate leaves. Reduction in leaf size and malformation 
occur on very susceptible varieties. In general, it is often difficult 
to differentiate bean virus 1 from bean mosaic virus 4 by the systemic 
symptoms alone. 

The symptoms on the pods produced by bean mosaic virus 4 are 
more marked than those caused by any other virus thus far reported 
as infectious to beans. They appear as dark-green, irregularly shaped, 
waterHsoaked-like, blotched areas (fig. 2, F) on the green-podded 
types and as greenish-yellow areas on the wax-podded types. These 
areas suggest a condition often caused by low temperatures. In¬ 
fected pods of susceptible varieties are slightly malformed, subnormal 
in length, and frequently curled at the end, owing to improper ovule 
development. Under greenhouse conditions, the symptoms are not 
as marked as they are under ideal field conditions.' 

Bean Mosaic Virus 4A 

As with bean mosaic virus 4, two types of symptoms are produced 
by bean mosaic virus 4A. The local lesions are very similar to those 
just described for bean mosaic virus 4 except that they are less diffuse 
and spreading and the edges are more distinct (fig. 1, C and Z?). In 
other respects they cannot be differentiated from those produced by 
bean mosaic virus 4. 

In general the systemic symptoms are not as severe in the early 
stages as those produced by bean mosaic virus 4, but in the later 
stages they are more severe; much stunting, curling, malformation, 
and reduction in size of leaves occur (fig. 3, R, C, E, and Z/). It is 
difficult to differentiate these two viruses by symptomatology alone 
except on certain varieties. They can, however, be differentiated 
from the symptoms produced by bean virus 1 (fig. 2 B) on some 
varieties where the symptoms of this virus are very well known. 
Varietal differences alter the expression of the symptoms, 

SUSCEPTIBILITY TESTS 
Reaction op Bean Varieties 

Eighty varieties or strains of beans {Phaseohs vulgaris) were 
inoculated with bean mosaic viruses 4 and 4A. Since the results 
with both were quite similar only those with bean mosaic virus 4 are 
given in table 1. Twenty-four varieties were homozygous for sus¬ 
ceptibility to local-lesion infection of bean mosaic virus 4, 48 were 
homozygous for susceptibihty to systemic infection, and 8 were 
heterozygous. None of the varieties that were 100 percent suscep¬ 
tible to local lesions showed systemic infection. Among the varieties 
homozygous for systemic infection, 13 exhibited severe symptoms, 
8 wore moderately infected, and 27 were mildly affected. 

Thirty varieties were susceptible to the local lesions of bean 
mosaic virus 4A, and 6 of these were heterozygous. Five of these, 
namely, French Horticultural, White Kentucky Wonder (white-needed. 



312 


Journal oj Agricultural Research 


Vol. 67, No, 8 




Figure 3.~~Variations in systemic-mottle symptoms produced by bean mosaic 
viruses 4 and 4A on several varieties: Large White Marrow infected with 
bean mosaic virus 4 (A) and with bean mosaic virus 4A (B and O; Webber 
Wax mfepted with bean naosaic virus 4 (Z)) and with bean mosaic virus 4A 
(E and F); Dixie White infected with bean mosaic virus 4 (G) and with bean 
mosaic virus 4A {H and /). 
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Table 1. —Reaction of bean varieties to inoculation with bean mosaic virus 
compared with reaction to bean virus 1 


(jln)up and varioly or strain 

Bean mosaic virus 4 

Degree of 
systemic 
infection 
with bean 
virus 1' 

I*laut.s 

inocu¬ 

lated 

Plants 

in 

Local 

lesions 

.show- 

l— 

Sys- 

b'lnic 

infec¬ 

tion 

Degree of sys¬ 
temic infection 


Ntim- 

Num- 

Kuril- 



Orecn-podded garden beans (bush); 

her 

her 

bn 



Asgrow titringless Green Tod... 

10 

0 

10 

Mild . 

Mild. 

Black'Seeded Green l*od... 

n 

0 

11 

. . do _ 

Do. 

Bountiful....-. 

10 

0 

10 


Do. 

Burpee Stringless Green Tod. 

10 

0 

10 

Mild. 

Do. 

Commodore-T.. 

9 

0 

9 


Do. 


30 

0 

10 

Mild 


Early Mohawk. 

8 

0 

K 



French Forcing.-. 

11 

0 

] 1 



Full Measure... 

12 

0 

12 


Mild. 

Giant Stringless Green Pod. 

10 

0 

H) 

Mild.. 

• Do. 

Goddard (Boston Favorite) ... 

10 

0 

10 

_do__ 

Do. 

Horticultural, Dwarf . 

12 

0 

12 

Severe.- . 

Moderate. 

Landrcth Stringless Green Pod. 

10 

0 

10 

Mild_ 

Mild. 

Longfellow.. .. 

10 

0 

10 

.do._ 

Do. 

Low ('hampion. 

19 

fi 

13 


M oderatc. 

Plentiful .1.... 

10 

0 

10 


Mild. 

Refugee, Corbett.. 

10 

10 

0 


Resistant. 

Refugee, Idaho . 

11 

4 


Mild . 

Do. 

Refugeci Medal. 

10 

0 

10 

.do. 

Do. 

Refugee, Sensation No, 10G6. 

10 

0 

10 

.do. 

Do. 

Refugee, Sensation No. 1071. 

10 

0 

10 

.do.. 

Do. 

Refugee, Stringle.ss Green. 

13 

0 

13 

_do. 

Severe. 

Refugee, L. 8. No. 5. 

31 

0 

11 

.do. 

Resistant. 

South America No. 1. 

10 

0 

10 

.do. 


1’eunessee Green Pod. 

J1 

11 

0 


Moderate. 


11 

0 

J1 


Mild. 

Valentine, Black. 

10 

0 

10 

.. ...do. 

Do. 

Valentino, Rod. 

10 

0 

10 

Severe *. 

Severe. 

Wax-poddod garden beans (bush): 1 






Brittle Wax (Round Pod Kidney Wax).. J 

10 

0 

10 

Severe. 

Mild. 

Davis Stringless Wax. . ' 

10 

4 

() 

Mild_ 

Do. 

Golden Eye Wax... 

10 

0 

10 

Severe . 

i 

Hardv Wax... 

11 

0 

11 

.do. 

Mild. 

Hodson Wat... 

9 

0 i 

9 

_do . _ 

S(‘ve.re. 

Improved Gokh'U Wax 

11 

0 j 

11 

Mild. 

Moderate. 

Improved Strltigless Kidney Wax 

10 

0 i 

11 

Severe. 

Mild. 

Pencil Pod Black Wax .. . 

11 

1 

10 

Moderate __ 

Moderate. 

Prolific Black Wax.... 

8 i 

0 

8 

Mild.. .. 

Mild. 

Sure Crop Wax.. 

12 

0 

12 

Severe. 

Moderate. 

Top Notch Golden Wax.. 

10 

0 

10 

Mild__ 


Unrivalled Wax__ 

10 

0 

10 

- - do . 

Mild. 

Wardwell Kidney Wax 

10 

0 

10 

Moderate. 

Do. 

Webber Wax 

10 

0 

U) 

Mild ... , 

Do. 

Green-podded garden beans (pole); 






Alabama No. l _ . . . 

10 

10 

0 



Black Climbing __ 

10 

0 

10 

Mild... 


Blue Lake (White Croaseback) . 

12 

12 

0 


Do. 

Cranl>errv __ 

11 

0 

11 

Mild. 

Do. 

Cutshort (Com Hill). 

10 

10 

0 



Decatur.... 

10 

10 

0 


Resistant. 

Dutch Casnknife __ 

10 

10 

0 



H orticultural, French.-.- 

6 

1 

5 

Mild--. 

Moderate. 

Horticultural, London _ _ 

10 

0 

10 

Severe. 

Severe. 

Horticultural, Mammoth_ 

12 

0 

32 

Mild-. 

Do. 

Ideal Market 

40 

40 

0 


Mild. 

Kentiickv Wonder _ 

12 

12 

0 


Do. 

Kentucky Wonder, White (Burger String¬ 

0 

9 

0 



less) • 

Kentucky Wonder, White (rust-resistant). 

9 

6 

3 

Mild. 

Do. 

TCenti|nky Wopder (Mof.ise 191) 

12 

12 

0 



TCetitucky \Vnpdor "NTn 7Hn • 

14 

14 

0 



Kentiiclcy Wonder No. 814 * .. _ 

9 

9 

0 



Kenti:|cky Wonder, TT. R. No. S _ 

12 

12 

0 


Do. 

Laiy Wife (White Cranberry). 

McCaslan . _ _ . . _ _ 

11 

10 

! 0 
10 

31 

0 

Moderate. 

Severe. 

Missouri Wonder _ 

11 

11 

0 



Oregon Giant _ 

9 

9 

0 



Striped Creaseba/'k (Scotia) _ 

9 

5 

4 

Mild.. 


White Half Runner. 

10 

2 

8 

Moderate. 



See footnotes at end of table. 
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Table 1. —Reaction of bean varieties to inoculation with bean mosaic virus 4 
compared with reaction to bean virus 1 —Continued 



Bean mosaic virus 4 




1 Plants show- 


Degree of 



inf 

r— 


systemic 

Group and varipty or strain 





infection 





Degree of sys- 

with bean 


inocu- 


Sys- 

temic infection 

virus 1 ‘ 


lated 

Tiocal 

temic 




1 

lesions 

in fee- 






tion 




Num- 

Num- 

Num- 



Wax-podded garden beans (pole): 

bar 

her 

ber 



Golden Cluster Wax.... 

11 

0 

11 

Mild. 

Severe. 

Golden Gate Wax. 

10 

0 

10 

Severe. 

Resistant. 

Kentucky Wonder Wax___ 

10 

10 

0 


Mild. 

Kentucky Wonder Wax No. 765 *.. 

11 

11 

0 


Moderate. 

Green-podded field beans (bush): 






Burnley....... 

8 

0 

8 

Severe. 


Marrow, Large White___ 

11 

0 

11 

Mild. 


Pink. 

11 

11 

0 


Mild. 

Red Kidney. 

12 

0 

12 

Moderate. 

Moderate, 

Green-podded field beans (pole): I 






Great Northern U. I. No. 59. 

12 

12 

0 


Resistant. 

Pinto, Colorado strain. 

12 

12 

0 


Moderate. 

Pinto, Idaho strain_ _ 

10 

10 

0 


Do. 

Red Mexican U. I. No. 34 .. 

10 

10 

0 


Resistant. 

Robust.-.. 

10 

0 

10 


Do. 

Small White (California strain).. 

10 

0 

10 


Mild. 


‘ Data recorded from earlier results of writers as well as pubEsbed results of other investigators. 

* Trifoliate necrosis. 

* Kentucky Wonder types; numbers carried In the files of the writers. 


rust-resistant), Low Champion, Idaho Refugee, and White Half Runner, 
were also heterozygous for susceptibility to bean mosaic virus 4. 
Davis Stringless Wax, Pehcil Pod Black Wax, and Striped Crease- 
back were resistant to the local lesions of bean mosaic virus 4A but 
were heterozygous for bean mosaic virus 4. Small White (Cali¬ 
fornia strain), on the other hand, did not express local lesions with 
bean mosaic virus 4, but 1 of 10 plants inoculated with bean mosaic 
virus 4A produced local lesions. 

Fifty varieties were totally susceptible to the systemic infection 
with bean mosaic virus 4A; 6 of these were heterozygous; as was 
the case with bean mosaic vims 4, those varieties that were not 
localljr infected were susceptible to systemic infection. Of the 
varieties homozygous for susceptibility to systemic infection, 8 
were severely infected, 22 moderately, and 20 mildly. In general, 
the symptoms produced by bean mosaic virus 4A are somewhat 
more severe than those produced by bean mosaic virus 4 (fig. 3). 

Certain varieties resistant to bean virus 1, namely, Corbett Refugee, 
Great Northern U. I. No. 59, and Red Mexican U, I. No. 34, were 
homozygous susceptible to the local lesions produced by both viruses, 
while Idaho Refugee was heterozygous (table 1). U. S. No. 5 Refu¬ 
gee (fig. 2, E), Sensation Refugee *Nos. 1066 and 1071, Medal Refugee, 
and Robust were resistant to bean virus 1 and the local-lesion type 
of infection by bean mosaic viruses 4 and 4A but were susceptible 
to systemic infection by the last two. 

Table 1 shows that in general the varieties tolerant to bean virus 1, 
as, for example, Bountiful, Pull Measure, Improved Stringless Kid¬ 
ney Wax, and Brittle Wax, were very susceptible to the systemic 
infection of bean mosaic virus 4; these varieties were also very sus- 
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ceptible to bean mosaic virus 4A. In a few cases varieties very sus¬ 
ceptible to bean virus ], such as Golden Cluster Wax, Mammoth 
Horticultural, Lazy Wife, and especially Stringless Green Refugee, 
were less susceptible to the systemic infection of bean mosaic viruses 
4 and 4A. Hodson Wax, London Horticultural, and Red Valentine 
were very susceptible to the systemic infection by the throe viruses. 

There seems to be some relation between the pole habit of growth 
and susceptibility to local lesions and between the bush habit of 
growth and susceptibility to systemic infection. Twenty-one pole 
varieties were homozygous susceptible to local lesions caused by 
bean mosaic virus 4 and 9 did not express them, while only 3 bush 
varieties were homozygous susceptible to local infection and 39 were 
homozygous susceptible to systemic infection. Four pole and four 
bush varieties were heterozygous. All the pole Kentucky Wonder 
strains were susceptible to local lesions except White Kentucky 
Wonder (rust-resistant), which was heterozygous, while Commo¬ 
dore, a Kentucky Wonder bush type, was resistant to local infection. 

Of 18 wax-podded varieties tested with bean mosaic virus 4, 2 
(pole types) were homozygous susceptible to local infection only, 
14 did not express local-lesion symptoms, and 2 were heterozygous. 
Of 62 green-podded varieties, 22 were homozygous susceptible to 
local lesions, 34 homozygous resistant, and 6 heterozygous. 


Reaction of Lima Beans 

Ten plants each of 10 varieties of lima beans were inoculated with 
bean mosaic viruses 4 and 4A. Five small-seeded varieties, Baby 
Fordhook, Baby Potato, Henderson Bush, Illinois Large Podded, 
and Wood Prolific, were 100 percent susceptible to only the local- 
lesion type of infection of both viruses. The first three varieties are 
not true sieva types (Pkaseolus lunatus L.) but are hybrids between 
a small sieva and a large-seeded Fordhook (P. lunatus macrocarpus 
Bentb.). The following large-seeded varieties were immune to both 
viruses: Burpee Bush, Burpee Improved Bush, Fordhook Bush, 
Fordhook (Asgrow strain), and Philadelphia Bush. 


Reaction of Other Hosts 


In order to ascertain the host range of bean mosaic viruses 4 and 
4A, a number of plant species were chosen and mechanically inocu¬ 
lated. Ten plants of each of 31 species, representing 20 genera in 5 
families, were inoculated. Only Soja max var. Virginia was suscep¬ 
tible to both viruses. The symptoms were noted as a very mild 
mottling of the leaves. No infection, either local or systemic, was 
observed on any of the following plants tested: 


Chenopodiaceae: 

Beet, Beta vulgaris L. var. Detroit 
Dark Red. 

Cruciferae: 

Turnip, Brassica rapa L. var. 
Purple Top White Globe. 
Cucurbitaceae: 

Cucumber, Cucumis saiivns L. var. 
White Spine. 


Leguininosae: 

Chickpea, Cicer arietinum L. 
Crotalaria, Crotalaria spectahilis 
Roth, 

White lupine, Lupinus albus L. 
Yellow sweet lupine, L. luteus L. 
Alfalfa, Medicago saliva L. 

White sweetclover, Melilotvs alha 
Desr. 
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Leguminosae—Continued. 

Adzuki bean, Phaseolus angularis 
(Willd.) W. F. Wight. 

Mung bean, Phaseolus aureus Roxb. 

Scarlet runner bean, Phaseolus 
coccineus L. 

Urd bean, Phaseolus mungo L. 

Pea, Pisum sativum L. var. Wis¬ 
consin Early Sweet. 

Soybean, Soja max (L.) Piper var. 
Biloxi. 

Velvetbean, Stizolohium deeringi- 
anum Bort. 

Crimson clover. Trifolium incarna- 
turn L. 

Red clover, Trifolium pratense L. 

White clover, Trifolium repens L. 

Broadbean, Vida faha L. 

Vida cylindrica L. 


Leguminosae—Continued. 

Common vetch, Vida saliva L. 
Hairy vetch, Vida villosa Roth. 
Asparagus-bean, Vigna stsquipeda- 
Us (L.) Fruwirth. 

Cowpe% V. sinensis (Torncr) [Savi 
var. Uroit. 

Solanaceae: 

Pepper, Capsicum annum L. var. 
World Beater. 

Jimsonweed, Datura stramonium L. 
Tomato, Lycopersicon esculentum 
Mill. var. Marglobe. 

Nicotiana glutinosa L. 

Tobacco, Nicotiana tahacum L. var. 
Turkish. 

Petunia, Petunia hybrida Vilm. 
var. Rosy Morn. 


KELATION OF TEMPERATURE TO SYMPTOM EXPRESSION 

In order to ascertain the influence of air temperatures on the 
expression of local and systemic symptoms, 8 groups of 10 plants 
each of Ideal Market and Brittle Wax were inoculated in the usual 
manner with bean mosaic viiuses 4 and 4A. Ten plants of eacli 
variety were placed in sections of the greenhouses maintained at day 
temperatures of approximately 16°, 18°, 24°, and 27° C. In the 
greenhouse held at 27°, the night temperatures were slightly lower 
than the day temperatures. 

Bean mosaic virus 4 produced local lesions on Ideal Market in 3 
days at 27°, 4 days at 24°, 5,days at 18°, and 6 days at 16° C. How¬ 
ever, the symptoms were not clearly defined at the lowest tempera¬ 
ture until the seventh day. Bean mosaic virus 4A produced local 
lesions in 3 and 4 days, at 27° and 24°, respectively, in 6 days at 18°, 
and in 7 days at 16°. Symptom expression was not clear until the 
twelfth day after inoculation. At 27° and 24°, the loc.al lesions pro¬ 
duced by both viruses were more numerous but smaller than at the 
two lower temperatures. 

The initial systemic symptoms caused by bean mosaic virus 4 on 
Brittle Wax appeared in 8 days at 27°, 24°, and 18°, and in 13 days 
at 16° C. At the end of 20 days fairly distinct mottling was observed 
at 27°, good at 24°, very good at 18°, and good to very good at 16°. 
The initial systemic symptoms caused by bean mosaic vij*us 4A 
appeared in 7 days at 27° and 18°, in 5 days at 24°, and in 12 days 
at 16°. At the end of 20 days, distinct mottling was noted at 27°, 
very good at 24° and 18°, and fairly good at 16°. 

In general, the systemic symptoms produced by bean mosaic virus 
4 are less intense than those produced by bean virus 4A. This dif¬ 
ference is one of the characteristics distinguishing them (fig. 3). The 
experiments just reported prove that the most severe symptoms are 
produced by bean mosaic virus 4 at 18° C. and by bean mosaic virus 
4A at 18° and 24°. 

SEED TRANSMISSION 

Extracts of bean mosaic viruses 4 and 4A from seed in the milk 
and dough stages and from newly ripened seed of systemically infected 
plants produced excellent infection on Ideal Market. Extracts 
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from seed produced on plants systeinically infected with bean mosaic 
virus 4 and stored for 7 months produced no infection on Ideal Market, 
but extracts from similarly aged seed from plants infected witli bean 
mosaic virus 4A produced a few local lesions on that variety. 

Seed from the two lots that had been aged 7 months was planted in 
the greenhouse. Juice extracted from the j)lants jiroduced by seed 
borne on plants systcunicadly infected with bean mosaic virus 4 did not 
cause infection of ld(‘al Market plants, but juice from ]3lants produced 
by seed of plants infected with bean mosaic virus 4A caused local 
infection of inoculat(‘d Ideal Market plants. The leaf symptoms on 
such infected jilants were very mild, and in some cases inf ch; ted ])lants 
were almost indistinguishable] from nonnal ones; this made it difficult 
to det(*rmine the exact p(Tcentage of infected plants. Of 200 plants 
about 5 percent were infeeded. 

DISTRIBUTION OF THE VIRUSES IN INFECTED PLANTS 

Inoculations with jui(‘e (expressed from the root, hypocotyl, (‘picotyl, 
h‘af, and pod tissues of jdants systemically infected* with botli viruses 
produced local lesions on Ideal Market. Calculated on the basis of 
lesions produced, the virustis were slightly less con(;enti-ated in the 
root than in otluT tissues. Fajardo (6‘) was unable to isolate bean 
virus 1 from the roots of infected plants. 

When se])arate extracts W(Te made from the seed coats, cotyledons, 
and embryos of a number of green seed infected with both viruses and 
Ideal Market ])lants were inoculated, local hsions were produced in 
every ca.se. The virus('s apiieared to be the most concc^ntrated in the 
seed coat. 

PROPERTIES OF THE VIRUSES 

Extra(*ts from newly infected bean idants exhibiting svstemic 
symi>toms were used throughout the experiment, and the results were 
based on local lesions produced on Ideal Mai’ket. 

Thermal Inactivation 

The thermal inactivation points for Ix'an mosaic viruses 4 and 4A 
wen; found to be about 95° C. after heating for 10 minutes in sealed 
thin-walled glass tub(»s in a water bath (table 2). This temperature 

4 

Table 2. — Comparison of thermal inactivation points of bean mosaic viruses 4 ond 
4A, as determined by prodvetion of local lesions on the Ideal Market variety 


Keaetit>n to— 



Bean mosaic virus 4 

Bean mosaic virus 4A 

Temperature (® C.) 










Trial 1 

Trial 2 

Trial 1 

Trial 2 


Leaves 


Leaves 

Total 

Leaves 

Total 

Leaves 

Total 


inocu¬ 

lated 

lesions 

inocu¬ 

lated 

lesions 

inocu- 

iHtodt 

lesions 

inocu¬ 

lated 

lcsion.s 


Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Not heated. 

20 

6,000- 

20 

4.000- 

20 

6.000- 

20 

4.000- 



8,000 


5,000 


8,000 


5,000 

50 

20 

SiJMK) 



20 

8,000 



80 . 

22 

3,300 



24 

3,450 



85... .. 

24 

348 

26 

2 

24 

343 

18 

106 

90.. 

22 

9 

26 

0 

22 

1 

22 ; 

58 

96. 

22 

0 

28 

1 

22 

0 

21 

7 





— 

— - 

_ - 
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is higher than that for any other legume virus thus far described and 
approximates that of tobacco mosaic virus 1, which is inactivated at 
93°, and that of cucumber viruses 3 and 4, which are inactivated at 
80° (1). Bean virus 1, according to previous studies 14 ^ 28)y is 
inactivated between 56° and 58°. The highest thermal inactivation 
point for any of the previously described legume viruses is for alfalfa 
mosaic virus 1 and its strains ^4)y which lose their infectivity 
between 65° and 75°. 


Tolerance to Dilution 

Bean mosaic viruses 4 and 4A withstood dilutions of 1 to 500,000 
(table 3), much higher than bean virus 1, which has a dilution end 
point of 1 to 2,000. Three legume viruses have been reported to be 
infectious at high dilutions. These are pea virus 2, described by 
Osborn (75), and severe pea mosaic, described by Johnson and 
Jones (77), which have been reported to be infectious up to 1 to 
100,000 dilution, and pea streak virus reported by Chamberlain (J) 
to be infectious at a 1 to 1,000,000 dilution. In no other respects 
do these three viruses show any relationship to bean mosaic viruses 
4 and 4A. 


Table 3. —Comparison of tolerance to dilution of bean mosaic viruses 4 and 
as determined by production of local lesions on the Ideal Market variety 


1 

] 

Dilution 

Reaction to— 

Bean mosaic virus 4 

1 Bean mosaic virus 4A 

Trial 1 j 

Trial 2 

Trial 1 

Trial 2 

Leaves 

inocu¬ 

lated 

Total lesions 

Leaves 

1 inocu¬ 
lated 

Total lesions 

Leaves 

inocu¬ 

lated 

Total lesions 

Loaves 

inocu¬ 

lated 

Total lesions 

None. 

1 to 1,000... 
1 to 50,000... 
1 to 100,000... 
1 to 500,000.. 

Number 

20 

20 

20 

20 

Number 

4,000-5,000=b 

6,000± 

158 

131 

Number 

20 

20 

"" 22* 
18 

Number 

4,000-5.000db 

fi,000d: 

47 

25 

Number 

20 

i 20 

20 

! 20 

Number 

5,000-41,000± 
6,000± 
165 
193 

i Number 
20 

1 20 

21 

22 

Number 

4,00(>-5,000± 

5,000:1: 

05 

10 




_ 



Aging 

Infection with bean mosaic viruses 4 and 4A was obtained after the 
extracted juice was held in vitro at 18° C. for 32 weeks (table 4). 

Table 4. —Comparison of resistance to aging in vitro of bean mosaic viruses 4 and 4 A 
{at 18^ C.)t as det ermined by production of local lesions on the Ideal Market variety 


Time aged (weeks) ^ 

Reaction to— 

Bean mosaic virus 4 

.——— _ I 

Bean mosaic virus 4A 

Plants in¬ 
oculated 

Plants in¬ 
fected 

Local lesions 

Plants in¬ 
oculated 

Plants in¬ 
fected 

Local lesions 

None. 

Number 

10 

10 

Number 

10 

10 


Number 

10 
10 j 
10 

Number 

10 

10 

10 

Abundant. 

Do. 

Do. 

Medium. 

Do. 

1. 


12. 


IS. 

10 

10 

Good.. 

24. 


oo 

8 

10 

22_ 

io 

1 

Very few 
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Only a few local lesions were produced by bean mosaic virus 4 after 
this length of time, whereas bean mosaic virus 4A produced a fairly 
large number of lesions. No other legume virus thus far investigated 
has resisted aging in vitro for this length of time. Bean virus 1 
{14, ^8) loses its infcctivity in vitro after 32 hours. Severe mosaic of 
pea, according to Johnson and Jones (if), was infectious for 15 days. 

Inactivation by Chemicals 

Since bean mosaic viruses 4 and 4A reacted very similarly to 
thermal inactivation, dilution, and aging in vitro, only the former 
was tested with chemicals. The treatments lasted 30 minutes. 
The results (table 5) show that bean mosaic virus 4 is more tolerant 
to chemicals than bean virus 1. According to earlier studies (^, 
14, ^8), bean virus 1 was inactivated in 50 percent alcohol in 30 
minutes, whereas bean mosaic virus 4 was highly infectious after 
being exposed to 95 percent alcohol for the same length of time. 
In a single experiment a 1 to 250 solution of nitric acid had little 
effect on the virus in 30 minutes, but a dilution of 1 to 100 destroyed 
it in one experiment but not in another. Bean virus 1, according 
to Pierce (14), was inactivated by a 1 to 200 dilution of nitric acid 
but not by a dilution of 1 to 500. 


Table 5. —Effect of chemicals on hean mosaic virus 4, as determined by ‘production 
of local lesions on the Ideal Market variety 



Concentration of 
clicinical 

1 

Trial 1 

Trial 2 

Chemical 

Ix‘avcs 

inoculated 

Total lesions 

I/CBves 

inoculated 

Total lesions 

None. 


Number 

20 

Number 

1 4,00(K'),0(K) 
3,000-4,000 

1 2,000-2,5lK) 

Number 

20 

Number 

4,000-6,000 



20 


Do. 

75 percent.___ 

20 

20 

2,000-2.600 

Do .. 


20 

2,000-2,500 

N itric acid .. , 

1 to 250 . 

20 

4,000-5,000 
300-400 

Do. 

1 to 100. 

20 

20 

0 

Do. 

1 to 60.. 

22 

2 

20 

0 

Do . . . . ! 

1 to 26. 


20 

0 

Formaldehyde.. 

1 to 1,000 . 

20 

4,000-5,000 

20 

4,000-6.000 

Do. 

1 to 600 .1 

20 

2,000-2,600 

Do. 

1 to 200... 

20 

2,000-3,0(K) 

50-100 

20 

2,000-2,600 

Do... 

1 to 1(X). 

20 

20 

50-100 

Sodium chloride.. 

15 percent . 

20 

0 

Do. 

10 percent. 

20 

^ioo 

20 

0 

Do. 

6 percent .. 

20 

100-160 

20 

60-100 

Do. 

2.6 jjercent 

20 

l,50(»-2,000 








A 1 to 100 dilution of 37 percent formaldehyde did not completely 
inactivate bean mosaic virus 4. Bean virus 1, however, was inacti¬ 
vated by a 1 to 500 dilution {14, ^8), 

A 30-minute exposure of bean mosaic virus 4 to a 15-percent 
solution of sodium chloride, which was then used as inoculum, injured 
the inoculated leaves so serioudy that it was impossible to deteimine 
whether or not the virus was inactivated. In one test the virus was 
not inactivated in a 10-percent solution, although the inoculated 
leaves were seriously burned. In two tests (table 5) the virus was 
not inactivated in a 5-percent solution. 

IMMUNOLOGICAL STUDIES 

Price {18, 19) showed that the lelationship of certain viruses could 
be determined by means of cross-protection tests. Such tests were 
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employed to determine the possible relationship between bean mosaic 
viruses 4 and 4A and bean virus 1. 

Low Champion, a variety fairly susceptible to bean virus 1 and 
also to the local-lesion infections of bean mosaic viruses 4 (table 1) 
and 4A, was chosen for tliis study. Unlike the symptoms on many 
other susceptible varieties, those produced by bean virus 1 arc quite 
distinct on the primary leaves when the virus is seed-borne. Since 
(table 1) it was noted that certain plants of this variety were resistant 
and otliers susceptible to local-lesion infection and systemic infection 
produced by bean mosaic viruses 4 and 4A, the immunolomcal relation¬ 
ship could be deteiiniiKul for the two types of infected plants. 

The lot of Low Champion used in tliis study carried a fairly higii 
percentage of seed-borne bean virus 1. Twelve plants with mottled 
primary leaves infected with bean virus 1 were inoculat(»d with bean 
mosaic virus 4, and 8 of these manifested local lesions. Eleven plants 
showing the symptoms of bean virus 1 were inoculated with bean 
mosaic virus 4A, and 7 manifested local lesions. Twenty-three healthy 
plants of the same variety were inoculated with bean mosaic virus 4, 
and 8 manifest(^d local lesions. Eighteen healthy plants wertj inocu¬ 
lated with the bean mosaic virus 4A, and 12 of these exhibited local 
lesions. 

It was shown earlier (table 1) that those plants of Low Champion 
that did not exhibit local lesions when inoculated with bean mosaic 
viruses 4 and 4A were always susceptible to the systemic infection. 
In order to determine whether the plants infected with bean virus 1 
but not exhibiting local lesions when inoculated with bean mosaic 
viruses 4 and 4A actually became infected with these viruses or were 
immunized, further tests'were made. Since the symptoms caused by 
bean virus 1 are not very different from the systemic symptoms pro¬ 
duced by bean mosaic viruses 4 and 4A, it is impossible to determine 
whether viruses other than bean virus 1 arc involved, except by 
inoculation. 

Ideal Market was chosen to determine the presence or absence of 
bean mosaic viruses 4 and 4A in the plants rnentioiK'd above. An 
extract from each plant of Low Champion infected with bean virus 1 
and later inoculated with bean mosaic virus 4 but not producing local 
lesions on Low Champion produced abundant local lesions on Ideal 
Market, indicating the presence of the virus. Extracts from the 
trifoliate leaves of plants whose simple leaves manifested local lesions 
did not produce local lesions on Ideal Market, proving the absence of 
systemic infection. This evidence, together with the fact that local 
lesions were produced by bean mosaic virus 4 on leaves infected with 
bean virus 1, suggests that bean virus 1 does not protect against bean 
mosaic virus 4; hence no apparent relationsliip exists between them. 
Identical results were obtained with bean mosaic virus 4A; hence it 
appears that no relationship exists between it and bean virus 1. 

SEPARATION OF THE COMMON VIRUSES AFFECTING BEAN 

The identification of bean virus 1, bean virus 2, bean mosaic virus 4, 
and bean mosaic virus 4A on the basis of symptomatology would be 
difficult, if not impossible, on certain varieties under field conditions. 
Under controlled conditions and on specific varieties, differentiation 
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on this basis could be readily accomplished except with bean mosaic 
viruses 4 and 4A, provided each virus was pure. 

Bean virus 1 is very similar in physical properties to bean virus 2 
and, since it is quite sensitive to certain treatments, it cannot bo 
separated from the other tliree viruses on the basis of those properties. 
It is seed-borne while bean virus 2 and bean mosaic virus 4 are not, 
and thus it can be separated from them by that means; it cannot 
thus be separated from bean mosaic virus 4A since the latter is also 
seed-borne. It can, however, be separated from bean mosaic viruses 
4 and 4A by the inoculation of either of the strains of Pinto, since 
these viruses become localized in the inoculated leaves while bean 
virus 1 becom(»,s systemic. 

Bean virus 2 can be separated from bean virus 1, bean mosaic 
virus 4, and bean mosaic virus 4A by the inoculation of Corbett 
Refugee and Great Northern IJ. I. No. 59. Both varieties are 
resistant to bean virus 1 and also to systemic inf(iction by bean 
mosaic viruses 4 and 4A. They are, however, susceptible to bean 
virus 2, which produces mottle symptoms on the trifoliate leaves. 

Bean jiiosaic viruses 4 and 4A arc readily separated from the 
other two by heating the mixture above 00° C. for 10 minutes. 
This temperature inactivates bean viruses 1 and 2. Similarly, dilut¬ 
ing the mixture to 1 to 2,000 or above will inactivate bean viruses 
1 and 2, but not bean mosaic viruses 4 and 4A. 

DISCUSSION 

From the data presented in this paper, it is evident that bean 
mosaic viruses 4 and 4A are distinctly different from any of the 
legume viruses thus far dcscribecl on beau. Whether they are indige¬ 
nous to bean or belong to another group of viruses is not known. It 
is believed that they probably belong to the legume virus group since, 
with the exception of Fhaseolus lunatus and Soja max var. Virginia, 
they are largiuy restricted to P. mlgariSf and all bean varieties thus 
far tested are susceptible. Furthermore, bean mosaic virus 4A is 
seed-borne. 

That other viruses produce local lesions on bean has been shown 
by Wingard {23) and Pierce (14) with tobacco ring spot virus, by 
Price (17) and Silberschmidt and Kramer (20) with tobacco mosaic 
virus, by Smith and Bald {21) with tobacco necrosis virus, by Zau- 
meyor and Wade {27y 28) and Pierce {14) with alfalfa mosaic virus, 
by Chamberlain (5) with pea streak virus {Pisum virus 3), and by 
Zaumeyer and Wade {29) with a virus from white clover {Trifolium 
pratense L.). None of these diseases shows any relationship to bean 
mosaic viruses 4 and 4A. 

In table 6 are listed certain physical properties of most of the 
viruses that are infectious to bean. Although there is no apparent rela¬ 
tionship between bean mosaic virus 4 and tobacco mosaic virus 1, certain 
of their properties, such as thermal inactivation and to some extent 
dilution, show some agreement. Pea streak virus is the only other 
one that shows some similarity to bean mosaic virus 4 in that it is 
inactivated at a very high dilution. On the other hand, its thermal 
inactivation point is considerably lower and it does not withstand 
aging as long in vitro, 

C53500-*—4 3 --' .- 2 
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It would probably be difficult definitely to separate or distinguish 
any of the above-mentioned viruses that produce local lesions on 
beans from bean mosaic viruses 4 and 4A on the basis of local lesions 
alone, with the exception of the pea streak virus of Chamberlain (5). 
Varietal differences aid in their separation. likewise, the fact that 
bean mosaic viruses 4 and 4A produce local lesions on some varieties 
and systemic infection on others would differentiate them from 
tobacco mosaic virus 1, tobacco necrosis virus, and alfalfa mosaic 
virus and its strains, which produce no systemic infection in beans. 
In table 7 are listed a number of bean varieties showing their reac¬ 
tion to four viruses which produce local lesions on beans. 


Table 6. — Comparison of certain physical properties of bean mosaic vims 4 with 
those of other viruses infectious to bean 




j Inactivation after indicated treatment 

Virus 

Authority 

Tempera¬ 
ture (10-min¬ 
ute treat- 

Dilution j 

Aging in 
vitro 



ment) i 







Days 

Bean mosaic virus 4 . 

Zaumeyor and Harter (B6) and 

90-95 I 

1 to 600,000... ' 

222 


(present paiwr). 


1 


Bean virus 1. 

/Pierce (/4).. .. 

\Zaumoyer and Wade (£8) . 

66-68 

66-68 

1 to 2,000.i 

1 to 1,000 .' 

1-2 

1-2 

Bean virus 2. 

Pierce </4)... 

66-58 

1 to 1,000.i 

1-2 

Pea virus 2.. 

Osborn (IS) .. 

62-64 

1 to 100,000....! 

4-5 

Pea streak virus {Pisum virus 
3). 

Pea mosaic virus 4. 

Chamberlain (5). 

78-80 

1 to 1,000,000!. 

41 

Zaumeyer (£5) . 

62-65 

1 to 10,000.... 

1-2 

Pea mosaic virus 6. 

_do. 

60-62 

1 to 10,000. 

1 

Severe pea mosaic virus. 

Johnsop and Jones (N). 

60-70 

1 to 100,000--.. 

16 

Pea mottle virus.. 

Johnson (W) . 

60-62 

1 to 10,000 ... 

i 31 

Pea wilt virus. 

--.do. 

68-60 

1 to 100,000 .. 

31 

Alfalfa mosaic viruses 1, lA, 

Zaumeyer (£4) . 

66-76 

1 to 4,000. 

4-5 

and IB. 



Alsike clover mosaic virus 1_ 

Zaumeyer (£5) ... 

60-62 

1 to 8,000. 

1-2 

Alsike clover mosaic virus 2_ 

.do. .. 

54-58 

1 to 10,000. 

1-2 

White clover mosaic virus 1_ 

Pierce (/^; Zaumeyer and 

68-60 

1 to 3,000. 

5-7; 2-3 

1 

Wade (£8). 


Cucumber mosaic virus strain 
14. 

Tobacco mosaic virus 1. 

Whipple and Walker (££) . 

66 

1 to 10,000. 

8 

Allard (S) . 

93 

1 to 1,000,000.. 

(0 

Tobacco ring spot virus. 

Pierce U4)-- . 

64-66 

1 to 2,000_ 

9 

Tobacco necrosis virus. 

Smith and Bald (£/). 

72 

1 to 10,000. 

8 


»Indefinite, 


The fact that bean mosaic viruses 4 and 4A produce either local or 
systemic infection on different bean varieties may possibly be ex¬ 
plained on a genetic basis. A particular variety with a few excep¬ 
tions (table 1) is either homozygous for resistance to the local lesions 
or homozygous for susceptibility to systemic infection, or vice versa. 

It was originally assumed that the older leaves might carry the 
virus in a masked condition in certain varieties that exhibited the 
local lesions but no systenaic infection. Many inoculations made 
from such plants to Ideal Market showed that no virus was present in 
the trifoliate leaves. Occasionally, owing to environmental or other 
imknown conditions, a series of inoculated plants of varieties known 
to be susceptible to the local lesions failed to exhibit them. It was 
thought that possibly when local lesions were produced they inhibited 
the spread of the viruses from those infection points, thus preventing 
systemic infection. Expressed juice from the trifoliate leaves of 
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inoculated plants known to be susceptible to the local lesions but not 
exhibiting the symptoms, failed to produce local lesions upon inocu¬ 
lation to Ideal Market, proving that the virus was absent. Subjetiting 
local-lesion'-susceptible plants to high temperatures has never indi¬ 
cated the presence of the virus in any leaves above the inoculated ones. 

Since bean mosaic virus 4A is seed-borne, it is assumed that it is 
more widespread than present information indicates. Because the 
symptoms on most varieties are not greatly unlike those produced by 
bean virus 1 and becausci the local lesions, if found under fidd (‘.on- 
ditions, would be very sparse and difficult to diagnose, it is believed 
that both virus(‘s have been overlooked or confused with bean virus 1. 
Unless the juicii from diseased plants is inoculated to varieties sus- 


Table 7. —Comparative reactions of certain bean varieties to local lesions produced 
by bean mosaic virus 4, alfalfa mosaic virus i, tobacco mosaic virus /, and tobacco 
ring spot virus 


Vurioty 


Blue Lake (White rrcas(‘hack). 

Bountiful... .... 

BrltUo Wax (Rnuiul Pod Kidney Wax) 
Burpee Strinpless Ouvn Pod 
Cutshort (Corn Hill). . 

Davis Strinpless Wax .. 

Full Measure. .. 

Giant Strinpless Green Pod.. 
Horticultural, French . 

Ideal Market . 

Improved Strinpless Kidney Wax 

Pencil Pod Black Wax. 

Red Kidney. 

Robust. 

Strlnpless Green UefURee 
Strii)ed (?re.asel)}u*k (Scjotio) 

Sure Crop Wax .... 

Unrivalled Wax . 

Valentine, Black 
Valentine. Red. 


Reacli(ni to- 


Boan 1 
mosaic ' 
virus 4 1 

1 Alfalfa 

1 mosaic 

1 virus 1 

i Tobacco 
[ mosaic 
virus 1 

Tobac(X> 
rinp spot 
virus 

1 

+ 1 

i 

1 .. .. 

4 

4 


1 -f 

_ 

4 

— 

1 4" 

— 

4 

— 

1 + 

! — 

4 

+ 


; 4 



! 4 

— 

4 

— 

4- 

4 

4 


4- 


4 

dr. ^ 


— 

4 

4" 


4 



4- 

— 

4 


4- 


4 


+ 

' — 

! 4 

— 

1 4 

4 

1 4 

— 

4- 

; 4 

t- 



1 4 



j + ■' 

— 

4 

— 

4- 

+ 

4 

_ 

4* 


+ 

— 

4 

“ 

4 


‘ Heterozygous for susceptibility to local lesions. 

ceptible to local lesions or the properties of the virus in question pe 
determined, such plants could be superficially classified as being 
infected with bean virus 1. It would be quite logical for any inyosti- 
gator in testing mosaic-infected beans to inoculate plants of varieties 
very susceptible to common bean mosaic, such ^ Stringless Green 
Refugee, most of which are resistant to the local lesions of bean mosaic 
viruses 4 and 4A. Unless a further study was made of these viruses, 
both of the new viruses could be readily overlooked. It is likely that 
this has been the case, and that actually they have been present in 
bean fields for several years. 

Because of the susceptibility of most market garden varieties 
(table 1) to the systemic infection of bean mosaic viruses 4 and 4A, 
it is conceivable tnat these diseases may be more serious and destruc¬ 
tive in the sections where these varieties are commonly grown than 
in most of the large territories devoted to growing canning beans. 
The Refugee types compose the principal varieties grown for canning 
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purposes in some regions and, although nearly all show the systemic 
infection, the^y manifest mild symptoms when infected with bean 
mosaic viruses 4 and 4A. It is true, however, that in some canning 
sections, a high percentage of the acreage consists of extremely 
susceptible varieties such as Brittle Wax, Full Measure, and Asm-ow 
Stringless Green Pod. It is possible that the actual damage resulting 
from these viruses will eventually cause a greater reduction in yield 
than the common bean mosaic, because the most generally grown 
varieties are the more susceptible to them. 

It appears that bean mosaic viruses 4 and 4A are not as exacting 
in thedr temperature requirements for symptom expression as bean 
virus ]. The writers have observed that common bean mosaic is 
never as serious when the average temperatures are comparatively 
low as when the average temperatures are high. It is known, how¬ 
ever, that at extremely high temperatures, such as are common during 
the summer months in most of the southern bean-growing States, 
bean mosaic symptoms may be masked. 

Pierce and Ilungerford {16) have shown that at temperatures be¬ 
tween 18° and 21° C. a higher percentage of infection with bean virus 
1 was observed than at lower temperatures. Tliey likewise showed 
that 18 days were required for symptom expression at 21° as com¬ 
pared with 24 days at 8° to 9°. In addition, they noted severe 
dwarfing, curling, and mottling of the leaves at 26°, some curling and 
mottling at 22°, and only mottling at 18° to 19°. Fajardo (6*) found 
that the mottle symptoms were partially masked at temperatures from 
28° to 32°. Harrison’s (7) results agree in general with those of 
Fajardo (d), who stated that the characteristic mottling was almost 
completely masked at 15° and at 30°, whereas from 20° to 25°, the 
mosaic mottling was distinct. 

The studies reported in this paper showed that bean mosaic virus 4 
required only 8 days for systemic symptom expression at 18°, 24°, 
and 27° C. and 13 days at 16°, whereas bean mosaic virus 4 A exprcssecl 
its symptoms in 5 days at 24°, in 7 days at 18° and 27°, and in 12 
days at 16°. Distinct mottling was observed with both viruses at 
16° and 27° after 20 days, at which temperatures the symptoms of 
bean virus 1 are partly masked. 

Because of the shorter incubation period of bean mosaic viruses 4 
and 4A and their less exacting environmental requii ements for symp¬ 
tom expression, it is believed that the losses caused by these viruses 
throughout the country would probably be greater than those caused 
by bean virus 1 on the basis of equal distribution. 

This might be particularly true in the Southern States where, 
according to numerous records in the Plant Disease Reporter issued 
by the United States Department of Agriculture, bean virus 1 is 
not as widespread and does not cause as much loss as it does in the 
Northern and Western States. The reasons for this may be (1) 
temperature relations and (2) the growing of fewer mosaic-suscep¬ 
tible varieties than in the North and West. Beans are generally 
not grown extensively in the South during the hot summer months, 
but principally during the seasons of the year when the average 
temperatures are not excessively high. Since bean mosaic viruses 
4 and 4A produce distinct systemic symptoms at 16° and 18° C. and 
systemicaDy infect many of the varieties that are commonly grown 
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in the South, it is likely that these viruses may cause greater crop 
losses than bean virus 1. 

It is of interest to note that only the sieva lima beans or beans 
closely related to them were susceptible to the locaUesion infec¬ 
tions of bean mosaic viruses 4 and 4A. Harter (8) showed that lima 
bean mosaic virus (a strain of cucumber virus 1) reacted similarly, 
although this virus produced only a systemic mottle. No relation¬ 
ship exists between the lima bean virus and the two new bean viruses. 
These new viruses are also dissimilar to the two strains of cucumber 
mosaic described by Whipple and Walker (2£), both of which system¬ 
ic*,ally infected Henderson Bush Lima and one of them Fordliook 
A^ammoth Pod. 

Although all the 80 bean varieties of strains tested proved to be 
susceptible to either the local or systemic infection of both viruses 
(talde 1), actually those varieties that do not express systemic infec¬ 
tion can be considc^red commercially resistant. Even though local 
lesions caused by insect or mechanical dissemination may be found 
under field conditions, they would never be sufficiently numerous to 
cause defoliation such as is fre(|ucntly noted under greenhouse condi¬ 
tions when plants are artiflcally inoculated. It is believed that this 
type of lesion would not be a factor in crop reduction. 

In spite of the fact that bean mosaic viruses 4 and 4A appear to 
be closely related, there are some slight differences. On certain 
varieties of beans the local lesions produced by bean mosaic virus 4 
are more diiruse and spreading (fig. 1, B) than those of bean mosaic 
virus 4A (fig. 1, C, D). In general, the systemic mottle produced by 
bean mosaic virus 4A on most bean varieties is more intense than 
that produced by bean mosaic virus 4. Bean mosaic virus 4A is. 
earned in the seed as long as 7 months, whereas bean mosaic virus 
4 is not seed-borne. 

Some of the varieties resistant to bean virus 1, viz. Great North¬ 
ern U. I. No. 59 and Corbett Refugee, are also resistant to the sys¬ 
temic infection of bean mosaic viruses 4 (table 1) and 4A. Idaho 
Refugee, also resistant to bean virus 1, is heterozygous for local 
and systemic infection; thus it is possible to select plants tliat are 
not systeinieally infected. U. S. No. 5 Refugee, Sensation Refugee 
Nos. 1066 and 1071, Medal Refugee, and Robust, all resistant to 
bean virus 1, are susceptible to systemic infection of bean mosaic 
viruses 4 and 4A. The symptoms produced on these varieties are 
mild under greenhouse conditions even though the virus is in a 
highly concentrated state. 

The breeding of desirable canning, market, and field types for 
resistance to the systemic infection would not require a great deal 
of work, since there are a number of varieties of good type that are 
resistant to the systemic infection of the viruses and could be used 
as parental material. Furthermore, those varieties that are hetero¬ 
zygous for susceptibility to local lesions could be purified by prop¬ 
agating only from those plants that are susceptible to local lesions; 
these give rise to strains that are commercially resistant. 

Since bean mosaic virus 4 is present in freshly ripened seeds but 
not in those that have been stored under laboratory conditions for 
at least 7 months, it is possible that the disease could be partly controlled 
by aging the seed for that length of time before planting. How long 
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bean mosaic virus 4A would remain viable in dried seeds is unknown, 
but a period of 7 months did not destroy it completely. * 

SUMMARY 

Two new closely related viruses of bean arc described, identified, 
and compared with several other legume viruses and certain nonleg¬ 
ume viruses that are infectious to bean. The new viruses are 
designated as bean mosaic virus 4 and bean mosaic virus 4A. The 
exact distribution of these viruses is not known. Bean mosaic virus 
4 has been isolated from beans growing in Louisiana, and bean 
mosaic virus 4A from California, Colorado, Idaho, and Maryland. 

Bean mosaic viruses 4 and 4A produced local lesions on some 
bean varieties and systemic infection on others. No plant thus far 
tested has exhibited both typos of symptoms, but some varieties 
produce some plants susceptible to one type and others susceptible 
to the other type. 

The local lesions produced by both viruses are difficult to differ¬ 
entiate from those produced by several other viruses on beans. The 
systemic leaf symptoms closely resemble those caused by common 
bean mosaic (bean virus 1) on certain varieties but are different on 
others. On Stringless Green Refugee the symptoms of bean mosaic 
viruses 4 and 4A are very mild, whereas those caused by bean virus 
1 are severe. On pods, bean virus 1 occasionally produces a mild 
mottling, while bean mosaic viruses 4 and 4A produce an intense 
mottling. 

The susceptibility of 80 bean varieties or strains was detennined. 
No variety was fully resistknt to either of the 2 viruses. Twenty- 
four varieties were homozygous for susceptibility to the local-lesion 
infection of bean mosaic virus 4, 8 were heterozygous, and 48 resist¬ 
ant. The 48 resistant varieties were susceptible to systemic infection, 
and the 8 heterozygous were resistant. Thirty varieties were sus¬ 
ceptible to the local-lesion infection of bean mosaic virus 4A, and 6 
of these were heterozygous. Fifty varieties were resistant, all being 
susceptible to systemic infection. In general, the pole varieties 
were more susceptible to local infection than the bush varieties. 

The sieva bean {Phaseolus luriatus) and closely related hybrids 
between P. lunaius and P. lunatus macrocarpus were susceptible to 
local infection of both viruses, but the Fordhook types were totally 
resistant. 

The Virginia variety of Soja max was the only other suscept found 
among 31 species, representing 20 genera in 6 families. 

Local lesions of both viruses were produced at temperatures rang¬ 
ing from 16° to 27° C, They appeared most rapidly at 27°. The 
systemic symptoms of bean mosaic virus 4 appeared in 8 days at 
temperatures ranging from 18° to 27°, but they were most severe 
after 20 days at 18°. The systemic symptoms of bean mosaic virus 
4A were expressed most rapidly at 24° and were most severe after 
20 days at 24° and 18°. 

Both viruses were isolated from seed in the milk and dough stage 
^d from freshly ripened seeds, but only bean mosaic virus 4A was 
isolated frort seed stored in the laboratory for 7 months. Approxi¬ 
mately 6 percent of such seed produced infected plants. 
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The two viruses were isolated from all portions of the systemically 
infected green plant. The lowest concentration was found in the 
roots. 

The thermal inactivation point, resistance to aging in vitro, and 
tolerance to dilution were determined for the two viruses, and resist¬ 
ance to chemicals was determined for bean mosaic virus 4. Bean 
mosaic viruses 4 and 4A were inactivated between 90° and 95° C. 
They were still infectious at 1 to 500,000 dilution, and resisted aging 
in vitro at 18° for 32 weeks. Bean mosaic virus 4 was still infectious 
after being treated with 95 percent alcohol for 30 minutes. It was 
inactivated by a 1 to 100 nitric acid dilution in one experiment, but 
not by a 1 to 50 dilution in another. It was not destroyed by a 1 to 
100 dilution of 37 percent formaldehyde for 30 minutes. Treatment 
for 30 minuifes in a 5-perccnt solution of sodium chloride did not 
inactivate the virus. Immunological ^tudies indicated no appar¬ 
ent relationship between the two new viruses and bean virus 1. 

Bean mosaic viruses 4 and 4A can be separated from a mixture of 
bean viruses 1 and 2 by heating the mixture above 60° C.‘for 10 
minutes or by diluting the extract above 1 to 2,000. The last two 
viruses are inactivated at these points. 

The bean varieties that are susceptible to local-lesion infection can 
be considered commercially resistant. Such varieties are being used 
as parental material in breeding for resistance to systemic inmction 
of other desired bean types. 
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PHYSIOLOGICAL ASPECTS OF TETRAPLOIDY 
IN CABBAGE‘ 


By C. G. Bahr, research associate in plant physiology, and E. H. Newcomer, 

formerly research assistant in cytogenetics, Michigan Agricultural Experiment 

Station 

INTRODUCTION 

Comparisons of mori)liology and growth rates of colchicine-induced 
ail tote traploids and their diploid progenitors have (rstablished the 
fact that, with few exceiitions, autotctraploids are usually larger, 
coarser, slower in maturing, less fertile, and genetically more stable 
than the corresponding diploids. In genetically well-known plants, 
the morphological changes accompanying polyploidy can be rather 
precisely explained in terms of genic control and the doubling of 
fac'tors governing size characteristics. 

As to the internal, physiological consequences of polyploidy, we 
have only a meager and superficial knowledge from which no gener¬ 
alizations are fiossible at the present time. The valiui of additional 
information is obvious, and as more is learned concerning the physio¬ 
logical consequences of polyploidy, the morphological results of poly¬ 
ploidy may become less important by comparison, to the plant 
breeder. , 

The present paper is concerned with a comparison of some of the 
more important nutritional constituents of diploid and autotetraploid 
cabbage of similar genetic constitution (var. Ferry's Hollander). 

HISTORICAL REVIEW 

After a tentative study in which a biological test was used, Crane 
and Zilya (.^)^ suggested a correlation between chromosome numbers 
and antiscorbutic activity of diploid and triploid apples. Key (4) 
found no difference in the vitamin C content of diploid and tetraploid 
tomatoes, whereas Sansome and Zilva {16) reported the vitamin C 
potency of tetraploid tomatoes approximately twice that of the 
diploid. MacHenry and Graham {6) found no significant difference 
questioned the validity of the work of Sansome and Zilva.^/ 
'^ostofl and Axamitnaja (6) found little quantitative difference in 
the principal chemical compounds of normal and tetraploid petunias, 
but th^ noted marked diflterences between those of 2n and 4n toma¬ 
toes. The latter contained more water, nitrogen, proteins, and ash, 
but fewer carbohydrates than the diploids. 0 Similar distinctions were 
found (3) in a comparison between Fi hybrids and their amphidiploids. 

The results of Kostoff and Axamitnaja were not substantiated b/ 
Faberg^ (3), who found little difference in the materials produced by 

I Received for publication January 2, 1943. Journal article No. 635, Michigan Agricultural Experiment 
Station. 

< Italic numbers In parentheses refer to Literature cited, p. 327. 
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normal and tetraploid tomatoes. Tetraploid embryos were about 30 
percent heavier, but this advantage was lost through their slower 
germination and the water content of the two tvpes did not differ 
significantly. The reduction in the fruit weight of the 4n tomato has, 
course, long been known. 

Eandolph and Hand (f 1^) found an increase of 40 percent in the 
vitamin-A-potent carotenoid pigments of tetraploid com as compared 
with its diploid progenitor, and Sullivan and Myers {18) found the 
colchicine-induced totraploids of Lolium perenne to be higher in re¬ 
ducing sugars, sucrose, and total sugars than diploid plants of similar 
genetic constitution. // 

-r-Straub (17) also reported a progressive increase of anthocyan and 
carotene content of a number of plants over a polyploid range from 
diploid to twelveploid in one instance. 

In their studies on Nicotiana, Noguti et al. {11, 12) reported that 
the nicotine content of autotetraploids of various species was 51 per¬ 
cent to 138 percent greater than in the corresponding diploids, and 
that the content of nitrates, sugars, resins, organic acids, totanitrogen, 
and ether extracts was also increased. 

'^Another interesting physiological disturbance concomitant with 
tetraploidy in Secale has recently been reported by O’Mara {IS). In 
Secale, a photoperiodic reaction, absent in diploid plants, w^as found in 
autototraploids.f This was responsible for the observed sterility., 
When adequate illumination was provided, fertility was restored, thus 
demonstrating that, in this case, sterility was due to egg or zygotic 
sterility and not to generational pollen sterility, as might have been 
suspected. 

It is apparent from this brief summary of some of the investigations 
concerning the physiological consequences of polyploidy, that the evi¬ 
dence of the different workers is not in complete harmony nor have the 
investigations covered a representative group of economically impor¬ 
tant plants. Part of the lack of consonance may be explicable in terms 
of technique, but it seems also probable that the new^ genetic regime 
established by polyploidy might result in comparatively divergent 
physiological disturbances in even closely related plants. , 

EXPERIMENTAL METHODS 

Tetraploid cabbage {Brassica oleracea capitaia L.) produced at this 
station by one of the authors {10) was used as material for this investi¬ 
gation, At the outset, a thorough and extensive study of the chemistry 
of tetraploid cabbage tissue was designed, but curtailment of funds 
limited the investigation to some of the presumably more important 
substances, namely, ascorbic acid, carbohydrates, and nitrogen. 

During the summer of 1941, plants were grown in the field until 
mature. They were then transplanted to 14-inch pots with a minimum 
of disturbance and kept in a coldframe for protection against low night 
temperatures until samples could be collected for chemical analysis. 
Some variation occurred in size of heads, but selections were made to 
obtain uniformity in size of the 2n and 47i heads for analysis. 

Certain growth characteristics of the tetraploid plants are worthy of 
consideration here. The seeds were slower to germinate than those of 
diploid plants by about 3 to 6 days. The plants were correspondingly 
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later in initiating head formation and the average weight of the mature 
heads was about 20 percent less than that of the diploid. The leaves 
were thicker and the petioles of the lower leaves were considerably 
larger and more spongy. In addition, the lower leaves of tetraploid 
plants tended to be more upright than those of the diploid plants which 
showed the normal tendency to spread and droop. 

After the rest period of some of the diploid and tetraploid plants had 
been broken during the winter of 1941-42, the plants were grown in the 
greenhouse and allowed to flower. They were then selfed for the pro¬ 
duction of pure-line seed and the seeds were germinated. About 25 
seedlings of each strain were transplanted and grown in the field during 
the summer of 1942. 

SELECTION AND PREPARATION OF MATERIAL 

In general, tlie procedure in sampling was as follows. After the head 
was selected, it was weighed, the outermost leaves were trimmed off, 
and it was then quartered on the axis parallel to the heart. One quarter 
was chopped to a convenient size and tliree 10-gm. samples were 
quickly weighed to ±.05 gm. and immediately placed in a mortar and 
grouna to a paste with a pestle and clean quartz sand, in 3-percent 
metaphosphoric acid. These samples were used for the ascorbic acid 
determinations, details of which are given later. During this procedure 
another worker weighed duplicate 100-gm. representative samples 
which were preserved in boiling 95-pcrcent alcohol for subsequent 
carbohydrate and nitrogen determinations. The time required to get 
the samples into the killing fluids (acid for the vitamin and alcohol 
for carbohydrates) was seldom more than 5 minutes. The samples 
for the ascorbic acid determinations usually were in the acid in less 
than 3 minutes. 


DETERMINATION OP ASCORBIC ACID 

The method used for the determination of ascorbic acid was that 
described by Bessey (f). The following modification was compared 
with the original procedure and found to be suitable and more con¬ 
venient. Exactly 30 ml. of 3 percent metaphosphoric acid were added 
in 10-ird. portions to the tissue in the mortar. After the addition of 
the first 10-ml. portion of the acid the tissue was ground to a paste in 
the sand and acid mixture until all the cells had been ruptured to 
insure complete extraction of the vitamin by the acid. This has been 
shown (f) to be an important step, and satisfactory results may be 
obtained only with practice and after a number of preliminary tests 
have been run on the tissue under investigation. The remaining acid 
was then added with thorough mixing and the mass was transferred to 
a centrifuge tube and centrifuged for 10 minutes. A 5-ml. aliquot was 
then transferred to a 250-nir beaker and diluted to about 70 ml., 
buffered to pH 3.5, and then transferred quantitatively to a 100-ml. 
volumetric flask and made to volume. A 4-ml. aliquot of this solution 
was then mixed with an equal volume of a standard 2,6-dichlorophenol- 
indophenol solution in a photelometer cell and the milli grams of 
ascorbic acid calculated according to the equation given by Bessey 
(f), a fresh ascorbic acid solution being used as a reference standard. 
Except in certain cases the 2n and 4n samples were run parallel since 
fresh standard solutions of ascorbic acid and the dye were used at all 
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times. This pro(Jcdure eliminated the possibility of an error due to a 
change in reagent activity. In calculating the ascorbic acid in the 
sample a 90-percent water content of the tissue was assumed and 
taken into account. 

It should be pointed out that the extraction of the ascorbic acid in 
the 1942 analysis was made by the use of a Waring blender and deter¬ 
minations made essentially as reported by Morell (9). A r)0-gm. 
sample was weighed and placed in a blender cup containing 100 ml. of 
3 percent metaphosphoric acid and blended for exactly 4 minutes. 
The mixture was filtered by suction and a 25-ml. aliquot was buffered 
to pH 3.5 and diluted to 100 ml. Four-ml. samples of this solution 
were then mixed with the dye and transmission readings made in 
a Cenco-Sheard-Sanford photelorneter. Tests showed that this 
method of extraction was equally as effective in removing th(> ascorbic 
acid as by grinding with a jnortar and pestle and quartz sand and was 
more convenient and timesaving. 

The dye was standardized against carefully prepared solutions of 
ascorbic acid in 3 percent metaphosphoric acid buffered to pH 3.5. 
The calibration curves were obtainecl by plotting the log of the gal¬ 
vanometer readings against tlie various ascorbic? acid concentrations 
in milligrams per 100 ml. of solution. The log of the galvanometer 
reading was log log Gsr, where Os is the galvanornekr reading of 
the sample plus the dye and Osr is that of the sample with the dye 
completely reduced after the addition of a small crystal of ascorbic 
acid. Moderate turbidities arc thus accounted for by the proper 
blanks with ciich aliquot sample from the plant tissue. The ascorbic 
acid in the aliquot is then obtainc'd from the calibration curve and the 
amount per unit weight of the fresh plant tissue can be determined 
by a simple calculation. 

DETERMINATION OF CARBOHYDRATES 

The samples preserved in alcohol were subsequently extracted by 
decantation with boiling 80-percent alcohol. The extract was collected 
in 1,000-ml. volumetric flasks and made to volume. Preliminary 
tests showed that 11 to 13 decantations were necessary to completely 
remove the soluble carbohydrates, and 15 extractions were, therefore, 
used in order to insure complete extraction. 

Two hundred milliliter aliquots of the extract were freed of alcohol, 
cleared with neutral lead acetate, and determinations were made for 
reducing and total sugars. Soluble nitrogen was determined on the 
alcoholic extract by the method described by Loomis and Shull (7). 

No appreciable amino nitrogen was found in either the 2n or the 
4n cabbage. 

The residue remaining after the alcoholic extraction was used for 
starch and acid-hydrolyzable substance, colloidal nitrogen, and ash 
determinations. 

EXPERIMENTAL RESULTS 

Table 1 shows a summary of the results obtained for the constitu¬ 
ents studied in the 2n and 4?i tissue. Calculations were made on both 
the fresh-weight and dry-weight basis together with the percentage 
difference by the two methods of calculation. 
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Table 1. —Chemical composition of diploid and tetraploid cabbage, 1941 


Constituent 

Composition of 
normal diploid cab¬ 
bage 

Composition of 
tetraploid cabbage 

1 

Difference duo to 
tetraploidy 

Fresh 

weight 

Dry 

weight 

Fresh 

weight 

Dry 

weight 

Fresh 

weight 

Dry 

weight 

Reducing sugars.. 

Total sugars. 

Percent 
3.18 
3.4f> 
.86 1 
.60 

Percent 
46.49 
50.43 
12.67 
8.62 
6.84 
5.96 
4.94 
Mg* 
2,991.22 
1,040.49 

707.60 
415.93 

Percent ! 
4.34 
4.72 
1.30 
.84 

Percent 
50.81 
65.20 
15.22 
9.83 
8.54 
7.66 
3.99 
Mg* 
2,058.64 
1,105.26 

701.99 

724.82 

Percent 
36.48 
36.81 
51.16 
42.37 

Percent 

9.29 

9.57 

21.08 

14.04 

Starch..”...1 

Acid-hydroiyzablo substance.. 

Dry weight ^.... . 

Calculated dry weight ^.. 





Ash content... 




-19.23 

Mg* 

-31.18 

6.22 

—.79 

74.26 

Soluble nitrogen... 

Colloidal nitrogen. 

Ascorbic acid: 

Representative sample of head ex¬ 
clusive of outermost leave.s and 

heart... 

Green outer leaves of mature plant... 
Heart * .... 

Mgi 
204.6 
71.17 

i 

1 48.40 

28.46 

94.30 

32.30 

Mg* 
175.80 
94.39 

59.95 
61.90 

110.40 

130.40 

Mg* 

—14.07 

1 32.02 

23.86 
117.57 
17.01 
303.71 

Lower green leaves of immature plant*. 

472.22 

1,620.93 

233.35 


1 Found by drying 100 gm. of fresh material to constant weight at 6f)® C. in a vacuum oven. 

» Computed from the residual dry weights (dry weight after the 80 pereont of alcohol-soluble materials w*er6 
extracted) plus the calculated soluble substance estimated as sugars and soluble nitrogen. 

3 Expressed as milligrams per 100 gm. of plant tissue. 

* These determinations were made on 10 gm. samples of heart tissue; no dry weight determinations were 
made on heart tissue. 

» Those samples were collected and analyzed on Sopt. 3, 1941. The plants were immature with small 
heads. One of the lower leaves was removed from each of 12 different plants for the 2n and 4n samples; 
4 composite samples were made of 3 leaves each from both 2n and An, 

The data for the ascorbic acid values are averages of triplicate 
individual analyses from eight separate heads each of 2n and 4.n 
cabbage. All other data are the averages of closely agreeing duplicate 
samples from the heads used for the ascorbic acid determinations. 
Statistical analysis of these data showed a significant difference at the 
1-percent level in the ascorbic acid, sugars, and nitrogen fractions. 

A comparison of the ascorbic acid content of 2n and 4n cabbage for 
1941 and 1942, together with the range of variation found in the other 
varieties sampled, is shown in table 2. 


Table 2. —Ascorbic acid content of diploid and tetraploid cabbage ^ 


Cabbage 

1941 

1942 

Range of other 
(diploid) vari¬ 
eties sampled 

Diploid. 

Mg. 
48.40 
59.95 

Mg. 

53.51 
63.46 

Mg, 

40.20 to 67.00 

Tetraploid.... 

Average.... 




62.75 





I Expressed as milligrams per 100 gm. of fresh tissue. 


Ascorbic acid determinations on the 1942 crop agreed closely with 
results obtained in 1941. Results of ascorbic acid determinations on 
cabbage purchased on the open market varied from 40.20 to 57.00 mg. 
per 100 gm. of fresh tissue. The ascorbic acid content of two other 
varieties tested agreed closely also with that of the 2n plants grown 
for the experiment. 
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The ascorbic acid values for the determinations made in 1942 repre¬ 
sent the average of 30 separate analyses from 15 heads of 4/1 cabbage 
and 56 analyses from 28 heads of 2n cabbage. 

DISCUSSION OF RESULTS 

It is apparent from the data that all the constituents studied in 
tliis investigation, with the exception of soluble nitrogen and ash, 
were higher in the tissue than in the 2n, Assuming the reducing 
sugars, the soluble nitrogen, colloidal or protein nitrogen, and ascorbic 
acid to be the most important factors from a nutritional standpoint, 
these substances would appear worthy of careful study. 

The soluble carbohydrates found in cabbage tissue are chiefly 
reducing sugars. Small quantities of sucrose, by invertase hydrolysis, 
were found, but the amount present was less than 0.40 percent on the 
fresh weight basis in either the 2n or the 47i tissue. Although the 
sugar content of the cabbage plant is relatively low, tetraploid cabbage 
was found to contain 36.48 percent more reducing sugars than normal 
diploid cabbage. 

The soluble nitrogen was less in the tetraploid tissue than in the 
diploid by about 14 percent, whereas the colloidal nitrogen was 32.62 
percent higher in the tetraploid. The ascorbic acid content of the 
edible portion of the cabbage was 23.86 percent higher in the tetraploid 
than in the diploid. That of the green outer leaves from the diploid 
plants was moderately low, amounting to 32.30 mg. per 100 gm. of 
iresh tissue at the time when the heads started to form, and it ^id not 
exceed 28.45 n^, per 100 gm. at maturity. It is interesting to note 
in this connection that the Ipwer leaves of immature tetraploid plants 
contained over 300 percent more ascorbic acid than comparable leaves 
of diploid plants. Later in the season, however, when the cabbage 
was harvested the ascorbic acid decreased about 3.85 mg. per 100 gm. 
in the diploid outer leaves while it decreased 68.50 mg. per 100 gm. 
in the tetraploid leaves. This behavior indicates that the fonnation 
of ascorbic acid in the mature head takes place without the accumula¬ 
tion of tliis substance in the photosynthetically active leaves. 

Although the ‘4ieart^^ ^ tissue of tetraploid and diploid plants 
showed about the same percentage difference in ascorbic acid content 
as that found in representative samples of the head, there was a 
decidedly greater quantity of ascorbic acid in the heart than in the 
other parts of the head. In the tetraploid plants the ascorbic acid 
content was 84 percent greater in the heart tissue than in the part of 
the head commonly used for food. Diploid plants showed about 95 
percent difference in the same tissues. 

The surprisingly lower soluble nitrogen content of the tetraploid 
plants as compared with the diploid might be explained by assuming 
that durii]^ the development of the plant relatively more of the soluble 
organic nitrogen functioned in the synthesis of new 47i protoplasts, 
with the net result that more protein nitrogen was produced per unit 
of fresh weight. The information on the chemistry and physiology 
of polyploidy is so meager that we do not have a clear picture of the 
relations of the several internal factors, and it becomes, therefore, 
extremely dangerous to generalize. It, however, soluble organic 


> Tha "lieait*’ as used here refers to the compact central part of the vegetable which is commonly 
not ptipired lot table use; the pith, exclusive of me surroundmg conducting tissue. 
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nitrogen is associated with the synthesis of nucleoproteins and pro¬ 
toplasts it might be expected that the nonprotein soluble nitrogen 
would be lower in the tetraploid tissue since greater quantities of the 
simple nitrogen compounds may have been condensed into protoplasm 
and proteins in the production of cells and nuclei containing the greater 
number of chromosomes. Evidence to support this belief is the higher 
colloidal or protein nitrogen content of the tetraploid plants on both 
the fresh- and dry-weight basis in the present experiments. 

No attempt was made in this study to determine the inorganic 
constituents. It was found, however, that the ash was definitely 
lower in the tetraploid plants than in the diploid. 

SUMMARY 


The ascorbic acid, sugars, starch, acid-hydrolyzable substances, 
and soluble and colloidal nitrogen content of tetraploid cabbage have 
been determined and compared with those of diploid tissue. 

! Tetraploid cabbage contained 36.48 percent more sugar,. 23.86 
percent more ascorbic acid, and 32.62 percent more colloidal nitrogen 
than diploid cabbage. The soluble nitrogen was higher in diploid 
plants by about 14 percent. 

The lower leaves of immature tetraploid plants contained over 300 
percent more ascorbic acid than comparable leaves of diploid plants. 
The ascobic acid content of the outer leaves of tetraploid plants de¬ 
creased with maturity. The decrease was evident but less pronounced 
in diploid plants. 
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INTRODUCTION 

Studies lookini? toward rontrol of the p(‘a aphid, Macrof^iphum 
{Illi.poia) pisi (Kalt.), tlirough use of aphid-resistaut pea varieties 
were be^iin at Wisconsin in 19^10 (7)^ Determination of the aphid 
population at succcvssive intervals during th(‘ season on peas growing 
in the held showed that varieties differ in the number of aphids borne 
upon them, and that (certain varieties are relatively resistant (8). 
These early findings were, corroborated by Maltais in 1936 ('5). Initial 
attempts io approatdi the problem from the breeding standpoint w^ere 
abandoiuul, howevi'r, because tlu' procedure then in use w'as limited to 
testing plants en masse and could not be adapted satisfactorily to the 
detection of resistance in small segregating po])ulatjons or in individual 
plants. In addition, data secured by means of the field procedure 
w'ere not always amenable to satisfactory statisti(‘al analysis because 
of the multiplicity of factors affecting aphid populations under field 
(conditions. In many cas(is, aphid populations w'(*re decimated by 
storms or by aphid parasites, predators, and disease before sufficient 
data could be obtained to sliow the comparative resistance* of peas 
under test. Because of th(*sc disadvanhiges, it became apjiarent that 
before mucJi progress could be made in breeding for aphid r(\sistance 
in p(cas, a morii dependable testing ]JiW(*dure would have to be 
developed. It was riK’ognized that the new procedure must hv able 
to give a rapid test with small numbers of plants, and that the data 
must lend themselves to satisfactory statistical analysis. 

In 1939 major (*mphasis w'^as shifteil from field to greenhouse investi¬ 
gations, where detailed studies of host-para site relationships pointed 
the way toward dtwelopment of an accuratt* testing ])rocediire (4)> 
The new procedure is primarily adapted for greenhouse use, but may 
be used, with modified equipment, under field conditions as wen. 
The principal advantages of the new procedure are: (1) Rapidity, 
(2) accuracy under variable enviroual conditions, and (3) adaptibilify 
to the requirements of the pea breeder. The new procedure tor meas¬ 
uring aphid resistance is described in this paper and an account is 
given of some results obtained with it. Considerable attenuon is 
given to the statistical analysis of the data becausi* of the introduction 
of special statistical procedures. 

* Kiioeivetl for publication September 22, 1942. Papi*r from the nopartnionts of Economic Entomology 
and Genetics (No. 294), Wisconsin Apricultural Ex^riment Station. 'I’he work has been supported in 
part by the Associated Seed Growers, Inc., of New Haven, (.^onn. 

* The writers acknowledge their indebtedness to J. E. Dudley and BronfRon, of the I-. S. Department 
of Agriculture, and to H. F. Wilson and C. E. Dieter, of the Department of Economic Entomology of this 
station, for helpful advice in the course of the investigation, and to Frieda S. Swed and Mary Ann Lee, of the 
Agricultural Statistical Service, for calculations and other assistance in c*onnection with tables 2, 3, 4, and 8. 

® Italic numbers in parentheses refer to Literature Cited, p. 387. 
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BIOLOGICAL BASIS OF THE EXPERIMENTAL PROCEDURE 

The term ‘^resistance'’ in this paper denotes the inherent ability of 
the plant to ward off or resist insect attack through an inhibitive 
influence on the insect biology. Susceptibility is considered the 
opposite of resistance. Both terms, however, arc relative, there 
being no clear-cut line between plants which are slightly resistant 
and those which arc susceptible; i. c., plants in which no inhibitive 
Muence on the insect biology can be detected. This paper is not 
concerned with “tolerance,” which may be described as the ability 
of a plant to support its insect population. The fact that a vigorous 
plant growing under ideal conditions can support a larger insect 
population than a weak plant in a poor environment exemplifies 
tolerance. Su(*h plants may be equally resistant or susce])tible. 

Growth of the pea plant involves a progressive unfolding and 
expansion of parts arising from the meristematic tissues of the', apical 
bud. This growth habit results in a gradient witliin the plant with 
respect to age of tissues, the apical tissues being youngest, those of 
the basal parts oldest. Witlun individual plants, greenhouse studies ^ 
have indicated that the rate of aphid development and reproduction, 
and the length of life of the insect, are inversely proportional to the 
age of tissues upon which the insects are confined. Tln^ inhibiting 
influence of older plant tissues appears to be associated directly with 
added age, and is independent of the variety of ])eas upon which it 
occurs. Differences in resistance between plants can be d(‘t(‘cted 
by differentials in developmental rates, reproductive rates, or in 
longevity of apliids confined upon any region of the test plants, ]>ro- 
vided that age of tissues used is identical for all plants under test 
(4).* If the aphids are'confined to apical plant tissues, diflerences 
in total plant age may be overlooked, provided the test is run before 
blossoming and fruiting occur. Physiological changes of an unknown 
character associated with reproduction in the plant tend to cause 
irregular variations in aphid behavior. 

The feeding of the pea aphid is not characterized by acute stig- 
monose, the injuiy apparently being confined to the withdrawal of 
necessary plant juices. Individual aphids cause, therefore, but 
slight damage, severe injury appearing only after sustained feeding 
by relatively large numbers of the pest. Because of this host- 
parasite relationship, the ultimate amount of injury to pea plants 
is determined principally by the numbers of aphids present, the 
duration of the infestation, and the tolerance of the host, i. e., its 
ability to replenish lost plant juices. The superiority of resistant 
over susceptible plants is duo principally to the fact that their aphid 
populations increase at a slower rate, the insects requiring a longer 
infestation period to reach damaging numbers. The principal factor 
retarding population increases on resistant plants is the inhibition 
of aphid reproduction. Because of this fact, the criterion of resist¬ 
ance used in this technique is the rate of apliid reproduction on the 
plant under test. 

Since temperature influences aphid reproduction, it must be care¬ 
fully considered in utilizing data on aphid reproductive rates. In 
general, the velocity of aphid reproduction increases proportionately 

* Harbington, C. n. Unpublished data. 
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with rise in temp(Tatur(*, liagiiining at th(^ dovelopmontal tbroshold 
(about 48° P\) and reaching a siistaliuHl maximum at 70° to 75° F. 
At higher temperatures, i‘(‘p rod notion may lx* ev(m faster for a lime, 
but is not maitdained oontiniiously at these levels. Daily fluotua- 
tions of greenhouse temperatures cause oomparabh* fluctuations in 
daily numbers of progeny produced by aphids, even though the 
insects are confined u])on plants of similar resistance or susceptibility. 
When aj)hids are confined upon plants that differ in resistance', the 
daily number of ])i’og(‘ny jiroduced upon each will vary with day-to- 
day temperatures, but proportionately fewer young will always be 
])roduced on the moie resistant plants. 

If a numb(*r of plants of vaiying resistance are individually infestexi 
with a single newly reproducing apliid from a uniform stock, progeny 
counts after 6 to 8 days will reveal the comparative resistance of the 
plants tested. The value secured for each plant, however, cannot 
be safely com])ared with values secured for plants tested in previous 
or subs(?quent trials unless allow-ances can 1)0 made for temperature 
differ(‘nc.es. In a comprehensive basting program the number of 
])lants to be evaluated may be too large to include' in a single trial. 
The first method used of terminating an experiment after a given 
interval of time, n'gardless of temperature, was abandoned, therefore, 
in favor of a system in which temperature is also a factor in determin¬ 
ing the duration ol the trial. This h'd to the adoption of accumulated 
‘bl(*gre(‘-hours’’ as the basis for deciding wdien a given experiment was 
to b(' concluded. According to this procedure^ a trial is terminated, 
not afU't* a given interval of time has passed following the initial 
infestation, but when a given number of effective degree-liours have 
accumulated. With this system there is nearly an automatic com¬ 
pensation in time for trials run under fluctuating tempera tures. When 
prevailing t(*mp<*ratures approach the developmi'ntal threshold, effec¬ 
tive degre(*-hours accumulate more and mon? slowly, thus prolonging 
the trial period. As tlie tc'mperatures rise, th(i trial })eriod is ])ro- 
portionately shortened. Merriman’s developmental threshold of 
43° F. is used as the base line, temperatures abov('. this point being 
considered as effective in promoting aphid reproduction. 

Within th('- optimum testing range of 55° to 75° F., changes in 
velocity of aphid reproduction are closely proportional to changes in 
rate of accumulation of effective degree-hours. Bec^ause of this rela¬ 
tionship the number of aphids produced upon plants of similar resis¬ 
tance would be expected to vary only slightly from trial to trial. In 
greenhouses not equipped with devices for automatic control of 
temperature, however, temperatures often fluctuate beyond the 
optimum testing range. When fluctuations below 55° occur, aphid 
reproduction takes place at a slightly greater rate than effective 
degree-hours accumulate, while at temperatures above 75° the opposite 
is true because of an inhibiting influence of high temperatures on 
aphid reproduction. When temperatures fluctuate outside the opti¬ 
mum testing range, the average temperature of the experiment 
calculated at its completion is useful in indicating the extent to which 
the rate of aphid reproduc^on has deviated from the rate of accumu¬ 
lation of effective degree-hours. The importance and use of average 
temperature values will be discussed in a later section. 
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Becaiiso of Iho nearly straight-line n'lationship between rates of 
aphid reproduction and rates of accumulation of effective degree-hours, 
it would be expected that in a given number of accumulated degree- 
hours newly rei)roducing aphids of uniform stock confined upon 
comparable tissues of plants varying in resistance* would repeatedly 
produce numbers of prog(*ny in (iirect proportion to the congeniality 
of the host plants. This is the biological basis of the new t(*sting 
procedure, 

MATERIALS 

Thirty varieties of field, garden, and canning peas {Plsum sativum) 
and one variety of English luoadbcaii (Vida faba) were used during the 
development and standardization of the techinque. Of the pea vari¬ 
eties, I\>rfection, Alaska, Gradawax, Onward, Pride, and Wisconsin 
Penin were most frequently employed. Tin* plants were grown in 
soil in 4-inch pots or in No. 2 enameled tin cans with tin* sand culture 
method. 

The aphid stock originated from a single agamic apterous insect 
collected from alfalfa. Since tin* pea aphid reproduces partlu'iio- 
genetically, the desendants of this individual are presumably genetic¬ 
ally identical. The use of i)ure-line ins(‘Cts was adopt(*d to avoid 
difTerenc(‘s in vigor which might occur in a random aphid population 
b<*cause of possible genetic heterogeneity. The aphid stock was 
maintained on the susceptil)le Perfection variety, growing in (binch 
pots in soil, and cov(‘red with cylindrical screen cages (fig.l). 



Figore 1. —Pots of Perfection peas planted at intervals to insure a continual 
supply of succulent plants for the aphid stock which is confined in cages at 
the rear. Note the sand layer over the soil to insure a tight fit between cage 
and pot 
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Mochanical (‘qiiii)iiioiit consisted of j^anzo-covorod, clear-glass 
lantern globes for confining the aphids to the trial plants, and a series 
of racks for support of tlu' plants and lantern globes. Vtuitilation 
was acconii)lish(‘d by dir(‘cting tin* air slrearu from a number of 8-inch 
(*l(‘ctric fans over tin* glolx's. Apliid jirogenies w(‘re remov(‘d from the 
plants with a mechani(‘ally iiowenal aspirator constructed from a 
small (‘h'ctric vacuum ch‘aner. Temperature fluctuations during the 
piogress of tlu' trials w(‘re rc'c^ordeii by a thermogj'aph. Th(‘ arrange¬ 
ment of th(* etjuipment is shown in figure 2. 



Fuji RK 2.- ArraustuueDt ('f Uvstinfi: e((uipmcut showing nuahod of mounting 
plants in the U'.sting raek.s, and the power-driven aspirator used to remove the 
apIiid progenies from tlie pl/ints at the close of the test. Note th<? detachable 
vial of the aspirator, and the fding system used to store the ])rogenies until 
the counts could be made. 

THE TESTING PROCEDURE 

Plants to be tested aiv planted in individual containers and grown 
under as nniform conditions as possible. When the plants reach 
4 to 5 inches in height (18 to 20 days after planting) th(' containers 
are mounted in the racks as shown in figure 2. A single freslily 
reproducing agamic apterous aphid is placed upon the tip of each 
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plant with a caiuol’s-haii* brush, after which a lantern glob(‘ is set 
over tlu' plant. The racks ar(' plac(‘d in random ordiu* on a b(‘nch, 
th(‘ time is recorded, and the electric fans adjusted to insure ventila¬ 
tion of the globes (fig. 



Fkicke 3.—Kxperiiiicuital sel-up showing 22 testing racks used in a vari(‘tal test. 
Note the ])()sition of the tliennograph and of tiu* ventilation fans in the back¬ 
ground. The fan rack in the foreground was raised in order to obtain a clearer 
view. 


The aphids used in infesting th(‘ test plants ari' obtained from 
stock pots infested S to 9 days pr(*viously with 20 to 25 i('producing 
aphids. The ])arent ajihids are allowed to n'produ(‘(' on th(‘ plants 
only 4 hours, after which they are remcn’^ed. Tin* progeny pj'oduced 
during this short period are relatively unforrn in age and vigor, and 
are of like g(*netic constitution. Tlu'se apliids are placed on the 
t(‘st plants upon reaching reproductive maturity. It should be 
pointed out, howevi*r, that the stock plants must be in good condition 
and not overcrowded if a uniformly vigorous stock of apterous aphids 
is to b(* obtained. The presence of alate aphids in the aphid stock 
indicates that the insi'cts may have suffered from lack of sufficient 
food. 

The trial is ended when 4,750 effective degi ('e-hours hav(‘ accumu¬ 
lated. This numbei* was found to Ix', most satisfactory because it 
permits the parent aphids to produce the greatest possible number of 
progeny, yet stops the trial before their first-bom young begin to 
reproduce. The results thus represent the reproductive efforts of the 
parent aphids alone. At average temperatures of 68° to 70° F., 
this number is readied on the eighth day. 
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At comj)l(*tion of th(‘- trial the aphids arc, romoved from tli(‘ plants 
with tho ])OW('r aspirator (fi^. 2). The aphids on each plant are drawn 
into an individual vial wliicdi is then placed in a small vial rack luim- 
b(*n‘d to corresjiond to the larger rack holding the tost jilant. Aft('r 
all progenies have Ix'cn rcanoved, th(' insects ar(‘ counted. A f(‘W 
droj)s of chloj-oform, placed on a cotton plug and moved progr(‘ssiv(‘ly 
from vial to vial h(‘for(‘ counting anesthetizes the insects satisfactorily. 

In addition to th(‘ number of i)rog(‘ny, other pertiiu'iit data are 
n*corded. The condition of the parent aphid, whether normal, 
emaciated, discaiscnl, parasitized, or d(‘ad, is noted. Normal jiarent 
aphids are usually found associated with susc.(‘])tibl(‘ host plants, while 
ema(*iat(‘d ajihids, living or (haul are usually associated with resistant 
plants. Low progcaiy counts ivsulting fiom dis(‘as(‘ or ])arasitism 
of panait a])hids cannot be ditbu-cuitiated from low counts due to 
n'sistance without ('xamination of the ]>arent aphids. Discaise or 
]>arasitism is ran*, Jiowever, in ad(‘quat(‘ly manag(‘d stocks. The 
nund)ci‘ of ])rogcriy r(‘aching the lifth instar Ix'foiv (‘omdusion of the 
trial is also recoi(l(‘d. The ])res(‘7ice of mor(' than 10 of th(*se insects 
])(*!• ])lant is a warning that sccond-gc‘lieration offsjning may have 
been produc(‘d. Such an occurn'iice is unlikely, how(*V(‘r, iinh'ss the 
trial period is unduly i)rolong(‘d. 

Tin* t(*sting ])roc(*dur(^ will give* fairly consist(*nt n'sults und(‘r 
widely tluctuating gr(‘(‘nhous(‘ t(*mp(*ratur(*s (45° to 90° F.) ])rovi(h*(l, 
how('V(‘r, that the av(‘rag(‘ t(*mperature lu*s betwetui 00° and 75° F. 
Av(*rag(‘ temperatures b(*low 00° t(*nd to inhibit nqiroduction on all 
idants to such an ext (*nt that small diirer(‘nc(*s in r(‘sistunce are masked. 
Av(‘rage tem])(‘ralures above 75° r(‘sult in undue magnilicaiioii of 
ditf(‘r(*n(*(‘S in resistance* b(*cause of incn'ased mortality of parent 
aphids on the more rc'sistant plants. Although satisfactory r(*sults 
may be obtaiiu'd b(*twe(‘n m(*an t(*mp(‘ratur(‘.s of 00° to 75°, 05° to 
70° is the pr(*ferable range*. 

PRELIMINARY TRIALS OF APHID RESISTANCE IN PEAS 

Three preliminary trials were made in cons(K*utive order to de*ter- 
niine the comparative resistance* of six pea varieties- 'Perfectiem, 
Onward, Alaksa, Wisconsin l^*nin, Gradawax, and Pride. No 
attempt was made to stop these trials at the accumulation of 4,750 
de'grexvhours, since this numb(*r had not been definitely fixe^d at that 
time. Trial 1 ran 4,390 accumulated degree-hours at an average 
tcunperature of 68.5° .F.; trial 2, 5,008 at 68.8°; and trial 3, 4,186 
at 67.3°. The results are prcsentexl in table 1. 

The data in table 1 indicate that the six pea vari(‘ti(»s vary con¬ 
siderably in congeniality to the p(*a aphid. These differences are 
expressed in each trial by variations in (1) mortality of parent aphids, 
(2) mortality of progeny, (3) numbers of progeny reaching fifth 
instar, and (4) average total numbers of progeny produced. It 
would appear that Perfection is most susceptible and that Alaska is 
more resistant than Perfection but less resistant than the other four 
varieties. Increased numbers of progeny on Perfection, Alaska, 
and Wisconsin Ponin in trial 2 as compared with trials 1 and 3, to- 
g:ether with increased numbers of progeny reaching the fifth instar, 
indicate that second-generation reproduction occurred during the 
additional time this trial was permitted to run. 
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Table 1. —Aphid reaction on 6 pea varieties 


t*wSt 

lo. 

Varii'ty 

Average 

parent 

mortality 

Average 

progeny 

mortality 

Average 
number of 
fifth instars 

Average 

total 

progeny 


f Perfection..... 

0 

1 

0 

9.4 

68.6 


Alaska..-.. 

1 

.6 

8.4 

50.7 


Wisconsin Penin. .... 

3 

1.0 

5.3 

33.1 


Gradawax...-. 

7 

2.5 

4.0 

29.4 


Pride....-.-. 1 

7 

1.3 

1.5 

27. 6 


Onward..... 

6 

1.2 

1.3 

24. 2 


Perfection.. -. —... 

0 

0 

16.5 

» 91.5 


Alaska.-... 

1 

0 

16.3 

» 77. 3 

o 

Wisconsin Penin _ ____ . 

6 

.3 

11.0 

1 45. 2 


Gradawax-....— 

6 

.8 

5.3 

40.8 


Pride. .... 

H 

1.3 

7.4 

33.7 


Onward. 

6 

1.2 

9.8 

35. 6 


Perfection.. ... 

0 


7.0 

61. 3 


Alaska ..... 

2 


6.6 

50. 7 

3 

Wisconsin Penin ^ .. .. .. 

7 


5.3 

37,9 

Gradawax. . .. 

f) 


3.2 

38. 4 


Pride . 

1 4 


3.3 

39. 3 


Onward...... 

9 


2.9 

36.9 








> Second-gcnoration reproduction noted. 

2 Counts based on 0 plants, all others on 10 plants. 

STATISTICAL TREATMENT OF THE DATA 

Since the mathematical theory behind the usual analysis of variance 
tests of significance presupposes the existence of a common variance 
appropriate to all observations involved in the analysis, it was detuned 
well to proceed by first examining within each of the separate varietal 
trials the tenability of the assumption of a common within-variety 
variance. For this purpose, the Bartlett homogeneity test (/) was 
used with the results shomi in table 2. 


Table 2, —test of homogeneity of within-vnriety variances within trials 


Test No. 


Degrees of 
freedom 


1 . 

2 . 

3. 

Total 


6 

5 

5 


16 


7. V.SO 
7. 548 
9.724 

25.222 


Since the 5-percent significance level of for 5 degrees of freedom 
is 11.07, no one of the observed considered alone is statistically 
significant at this level. On the other hand, their sum, 25.222, is 
borderline—the 5-percent level for 15 degrees of freedom is 24.996— 
and throws suspicion on the assumption of a common within-variety 
variance. An examination of the variance estimates themselves diSi 
not reveal any variety or group of varieties which differed consistently 
in tliis respect from the others. Consequently, it was felt that the 
usual analysis of variance procedure could be applied without appre¬ 
ciable error to the data of a single varietal test. 

Since a composite analysis of variance with data from all thi*ee 
varietal trials would require homogeneity of within-variety variance, 
not Only within trials but also over all three trials, it was decided to 
find whether the three estimates of within-variety variance for each 
variety were homogenous. The results are presented in table 3. 
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Table 3. — x“ test of homogeneity of within-vnriefy variances for each variety 


Variety 

Over-all trials 

Trial 2 versus trials 

1 and 3 

Trial 1 versus trial 3 

Degrees of 


Degrees of 


1 lec^rees of 



freedom 

x* ’ 

freedom 

X‘ 

fri'cdom 


Perfection ... . 

2 

K. m* 

1 

5. 750* 

1 

2. 402 

Alaska. .. — — - 

2 

6. 544* 

1 

6 (KI7* 

1 

. 533 

Oradawax... 

2 

.fi73 

I 

.371 

1 

.300 

Pride ... . .. 

2 

.263 

1 

. IKlO 

1 

.261 

Onward . . .. ... . .. 


5.025 

1 

.iM12 1 

1 

4.994* 

Wisconsin Penin. ... . . 


9. 5(K)* 

1 

7. 396* 

1 

2. 097 


*The values shown are the adjusted values, the adjustment fuel or not beinc the same in all 3 eoliimiis. 
> Significant at the 5-percent level. 


From tablo 3 it is ovideot that tlie within-variety variaiiees for 
Perfection, Alaska, and Wisconsin Penin are not homogeneous oyer 
the thr(‘c trials, and that it is the value for trial 2 which is out of line 
in each case. The analysis has hen* detected the distortion caused by 
second-generation reproduction on these varieties in trial 2. If 
trial 2 data are omitt<‘d from the analysis, it appears that the assump¬ 
tion of homogeneity of trials 1 and 3 of the within-variety variance 
will be acceptable in all cases, (*x(*ept possibly in the case of Onward 
where early death of parent aphids unduly increased its internal 
variability. 

With these points in mind, a composite analysis of variance was 
performed, using the data of trials 1 and 3. The* results are presented 
in table 4. 

Table 4. —Analysis of variance, data of trials 1 and 3 


Variation 

Deiiiees of j Sum ot 
frt‘(Hlorii j sipiures 

Mean 

square 

Between varieties: 

Alaska and Perfection vs. others .. .. 

Alaska vs. Pcrfeetiori. ... -... 

Among others.... ..- 

Total.. -.. -... ... ..- 

1 i 1.5,983.50 

1 1 2,030.63 

S 1 240.18 

15.983.50- 
2,030.63* 
i 80.06 

5 j 18,254.31 

3.650.86* 

Trial I vs. trial 3.. .. — . . .. -- | 

1 1 i" 

820 90* 

VarietiesX trials: j 

Alaska and Perfection vs. others...i 

Alaska vs. Perfection.. .. . -I 

Among others . ... -- 

1 

1 

3 

1,017.88 

199.83 

202.36 

1. (H7.8K* 
199, 83* 
07.45 

Total....-.-. 

Within varieties.... . _ 

i 

1.450.07 

290.01* 

lo:'; 

12,140.30 

lli 46 

Grand total...-. 

'm 

'”^^66518 



1 


♦Significant at the 6 percent level when the pooled wiihin-varietics mean s<iuftre, is uw'd to represent 

the experimental error. This composite moan square includes a portion from the Onward variety w'hich 
appears to be a bit discordant. However, the exclusion fnim the analysis of this variety and its contribu¬ 
tion to the estimate of ‘‘error” only changes the “error” to 114.S2, which is a negligible change so far as the 
present analysis of variance is concerned. Therefore, for completeness, the Onward variety and Its con¬ 
tribution to the estimate of “error” wore retained. 

It will be noted that the 5 degrees oi freedom for‘^Between varieties'' 
and for ^‘VarietiesXtrials/' liave been resolved further into the 
comparison (a) of Alaska and Perfection with the other four varieties 
considered as a group, (b) of Alaska with Perfection, and (c) of the 
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other four among themselves. This further decomposition leads to the 
following inferences on the basis of trials 1 and 3: (1) There are 
significant differences (at the 5-percent level) between varieties with 
regard to average aphid production; (2) the varieties Gradawax, 
Onward, Pride, and Wisconsin Penin do not differ significantly from 
each other in respect to average number of aphids produced, but do 
differ significantly from Perfection and Alaska, which in turn differ 
significantly in this regard. Trial 3 has the higher production. 

VARIETAL TRIALS OF APHID RESISTANCE IN PEAS 

The data in table 5 were secured from several similar trials of varietal 
resistance. Values given each variety represent the average number 
of young produced by 10 aphids confined individually upon 10 plants 
under tli(> temperature-time conditions of its respective trial. 


Table 5 .—Comparative aphid resistance of a nvmher of pea varieties as determined 
by the vse of the new testing procedure in 6 separate trials 


Variotrtl 
trial No. 


Averapfi 

temperature 


Aeetimulated | 
dejjree-liours 




/Triumph. 

Early Wales. 

Prince of Wales-*- 
Profusion. 


Variety 


A vemge 
aphids 


Number 

88.1 

78.9 

77.8 

76.8 


1 . 


2 . 


68.0 


71.1 


72.2 


70.7 


4 ,832 


4,793 


4,675 


4.759 


4.714 


I Asgrow No. 40.... 

Perfection (check).. . 

AsgrowNo. 83 . 

Wisconsin Merit... 

Surprise. . 

.Wliow Admiral. .. 

Danby Stmtagem. 

Perfection (chock). . - 

Dwarf Defiance. 

Sherwood .. . - 

Potlatch.... - , . . 

Stratagem (regular). 

Perfection (check).-. 

Horal .. . 

CannorKing..... 

Horaford... 

Fasciatod Sweet.. 

Perfection (check). ... 

Emerald.... 

Cionfldence (dark)___ 

Glacier..... 

Confidence Gight).. 

Perfection (check)___ 

Daniel..__ 

Creole.—.— 

Cade.. 

English ho.ardbean». 


75.7 

72.8 
(i7.6 
65. 5 
62. 5 
55.7 
71.1 
OS. 7 
03.9 


54.1 
44.0 

73.1 

70.4 

65.2 

62.4 

77.6 

72.7 

62.9 

60.3 

59.3 
57.6 
73.2 
72.1 

68.4 

66.4 

63.9 


* Vtciafaba. 

THE COMPARISON EQUATION 

Reference to the values obtained for the Perfection variety (which 
was the susceptible check) in the trials listed in table 5 shows that the 
values vary from trial to trial, althcuigh the number of accumulated 
degree-hours is approximately equal in all. This is because the trials 
were m^e under temperatures which frequently fluctuated above the 
upper limit of the optimum testing range, 56® to 75® F. When such 
fluctuations occur, the parallel relationship between rate of aphid 
reproduction and rate of accumulation of effective degree-hours is 
temporarily lost. Differences in the number and size of these flue- 
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tuations betwi^eii trials (caused iho differences noted in the values 
obtained for the Perfection check. From this it is seen that the accu¬ 
mulation of a given number of effec.tive degree-hours does not wholly 
d(dcu'mine the value obtained when a variety is tested under widely 
variable temperature conditions. The value is influenced to some 
extent also by the particular combinations of ternptiraturc and time 
which occur during the trial p(»riod. For example, a ti^mpcrature of 
70° F. acting for 4 hours will result in slightly more young aphids 
being produced than will temperatures of 50° and 7.‘^° F. acting for 
0 and 2 hours respectiv(‘ly, even though the total number of accumu¬ 
lated (h‘gr(*e-hours (108) is (‘qual in both cases. The average temper¬ 
ature in th(‘ first instance is 70° while in the latt(*r it is only 56.5°. 
'^riie k(*y to difl‘er(*nc(‘s in number of aphids produced is obviously 
th(‘ average temperature. The total number of accumulated degree- 
hours is actually the sum of all temperature-tim(' combinations 
occurring in a given ])(‘i‘io(l. The average temperature, on the otluT 
hand, is an exprc'ssion of tludr average magnitude'. The interrelation 
of average tc'inpe'ratun' and number of accumulated degrea*-hours is 
complex with r('S})(*ct to its influence on ai'hid reproduction. When 
a given varh'ty is t(*sted a numlx'r of times under varying conditions, 
it is found that the ])rogenies producc'd in each trial are directly pro- 
j)ortional to tin* products of their respective' average* tc'mpe'ratures 
anel total numbe'r of ae'cumulate'el elepee-hours. This statement 
may be* expre'ssenl alge'braically by the nollowung equation, heu’eafter 
calle'el the “e'omparison e'quation”: 

_Pi__ 

\ADH,) {Al\)'\ADn2) {AT 2 ) 

wlie're* ADHi anel ADHi denote the accumulated degree-hours and 
ATi anel xiPz deuiote the* average temperatures for tlie first and second 
test, respectively, and V) anel V 2 denote the corre*sponding expected 
numbers of progeny.® If tiiis equation is valid, a ratio of approxi¬ 
mately 1:1 should result when actual values arc substituted and the 
equation simplified. Table 6, based on the data from trials 1 and 3 
of the preliminary study and from the five trials of varieties, provides 
a series of empirical tests of the validity of the comparison equation. 
The values for V used in the equations are the values obtained for 
Perfection in the respective trials. 

The terms of the ratios presented in table 6 are found to vary less 
than 5 percent in 18 of the 21 cases, the maximum difference found 
being 7.8 percent. This indicates that the reaction of the aphids to 
the li^erfectioii variety is essentially the same when variations in time 
and temperature are thus taken into account. 

The second-generation reproduction which occurred in trial 2 of 
the preliminary series prevented true estimates of resistance from being 
obtained for Perfection, Alaska, and Wisconsin Penin in this trial. 
If the value obtained for Perfection in this experiment is substituted 
in one side of the equation, table 7, the terms of the resulting ratios 
are found to vary considerably. 


« For a given set of time-temperaturo conditlpns there will corri^ond an expected number of prowny 
about which observed numbers of progeny will vary in aucoessive trials as a result of sampling fluctuations. 
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Table 6. —Values gained for Perfection under the differing conditions of f separate 
trials substituted in the comparison equation in all possible combinations to test 
the validity of the equation 


Perfection valuer, acoortiing to trial No., used in 
equation on— 


Combination No. 

Left side 

Right side 

Ratio 

Preliminary 
trifd No. 

Varietal 
trial No. 

Preliminary 
trial No. 

Varietal 
trial No. 

1 . 

1 

3 

3 


l.OOO* 1.047 

2 .. - , .. ... 

1 

1 


1 

i.om)=i.ono 

3 . .-.-. 

1 

2 


2 

].0<M)= 1.078 

4 . . .. . . 


3 


3 

i.ooo»i.o5;i 

6 . . .. . 


4 


4 

1.000= 1.067 

6 . . . 




5 

1.0(M)= 1.038 

7„ . .... 

3 



1 

l.(K)0*= 1.048 

8 . 

3 



2 

1.000-1.028 

9 .. . 

3 



3 

1.0(K)« 1.006 

10 ._.... 

3 



4 

l.(MM»=: 1.008 

11 . 

3 



.6 

1.000-1.003 

12 ... 


2 ' 


2 

1.000-1.077 

13 .... 


1 


3 

1.0(K)-1. 052 

14 .-__ _ 


1 


4 

l.(K)0-1.0.66 

16 .-..... 


1 



1.000-1.0.36 

16.. - 


2 


3 

1 l.(K>0-1.023 

17.. 


2 


4 

1.000-1.019 

18. . 


2 


6 

1 l.lKMl-1.0.36 

19....... 


3 


4 

l.(MK)= 1,004 

20. 


3 


5 1 

1 1.000-1.014 

2L._. 


4 


! 

[ 1.(M)0-I.017 








Table 7. —Increased variation of the expected 1:1 ratio resulting when abnormal 
values due to second-goneartion reproduction are substituted in one side of the 
comparison equation ^ 



Perfection values, according to trial No., substituted in equation 
on— 


Combination No. 


Right side 

Ratio 


liCft side 

Preliminary 
trial No. 

Varietal 
trial No. 


1. 


1 


l.(K)0-l. 164 

2. 


3 


1.000-1.220 

3.. 



1 

1.000-1.164 

4. 

•Preliminary trial No. 2.. 


2 

1.000-1.226 

6.. 

6. 


3 

4 

1.000-1.226 

1.000-1.230 

7... 



5 

1.000-1.224 


It is seen from table 7 that the differences between the two terms of 
the ratios vary from 16.4 to 23 percent. These computations show 
that the comparison equation may be used as a means of determining 
the comparability of data from separate trials. The more closely the 
resultant ratio approaches 1:1, the greater the degi’ee of comparaoility 
between the trials. For practical purposes, two trials may be con¬ 
sidered as comparable if tne two terms of the ratio do not vary more 
than 10 percent (1.00=1.10), and the standard errors of the average 
values of V employed are not greater than 4 percent of these average 
values. If the standard errors are greater than this, averages based 
on larger numbers of observations should be employed. 
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COMBINING RESULTS OP SEPARATE TRIALS 

After a number of varietal trials arc completed, it may be desired 
to combine the results so as to show the relative resistance of all 
varieties tested on a single scale. Three methods of varying accuracjy 
have been devised for this purpose. All are based, directly or indirectly 
on the comparison equation, and involve formulae whereby values 
obtained for tin* difTercnt varieties under the conditions of their 
respcH’tive trials are used to estimate the values which might be 
expected of these varieties under a common set of experimental con¬ 
ditions. 

Method No. 1, Use of Perfection Checks 

Within a given trial, all varieties are exposed to the same combina¬ 
tions of time and temp(*rature, and from this the assumption can be 
made that any time-temperature vax'iation which affects reproduction 
on the Perfection check vaiicty will affect reproduction on other 
varieties to a proportionate degree. If the reaction of the aphids to 
the Perfection checks is found to be similar in a series of trials when 
variations of time and temperature are accounted for by the use of 
the comparison equation, then the values gained for Perfection can 
be used as a basis for ch'lermining the approximate resistance of all 
other varieties tested. For example, one may wish to know how 
Wisconsin Merit, tested in varietal trial 1, compares in apiiid resis¬ 
tance to varieties tested in varietal trial 2. The following relation is 
used, PVi and PV 2 here denoting the average number of progeny on 
P(‘rf(Kqion in the respective trials, MVi the average number of prog¬ 
eny on Wisconsin Merit in the first trial, and x standing for the esti¬ 
mate^ of the number of progeny expected on Wisconsin Merit 

under the conditions of the second trial: 

py, : : X 

74.9 : 72.1=65.5 : x 


74.9/=47,226 


x=63.0 

From this it is seen that Wisconsin Merit, whicli tested G5.5 in 
varietal trial 1, would be expected to test 63.0 under the conditions of 
varietal trial 2. This procedure, when applied to each variety of 
varietal trial 1, will result in a composite list showing the comparative 
resistance of all varieties included in the two trials. If results of a 
large number of trials are to be combined, estimated values of the 
different varieties may be computed by the above procedure for a 
set of experimental conditions not represented bv any of the trials, 
provided, of course, that an estimated value of the P(>rfection check 
obtained by direct observation is known for this set of conditions. 

Method 2, Dirbx’t Use of the Comparison Equation 

If an estimated value of a variety obtained by direct observation is 
obtained for a particular set of conditions, use of the comparison 
equation will show the response wrhich may be expected of this variety 
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under any other set of experimental conditions. The formula used ' 
is as follows: 

Estimated Fa—(observed ^i)‘ 

Using the Wisconsin Merit value observed in variety trial 1 to 
calculate its response under the conditions of variety trial 2, the 
following result is obtained: 

Estimated 

Estimated ^*=^^^^-=67.9 

This procedure is more accurate than method 1 since it is based 
directly on the comparison equation, and does not involve the use of 
another variety. The reason for this will be discussed later. 


Method 3, Estimation by Intkhval 


While an estimate of Fa obtained by either of the above methods 
will generally be near the true value Fa, such an estimate gives no 
indication of its accuracy, and it is highlv improbable that it will 
actually equal the true value Fa. In order to obtain an estimate 
with which there can be associated a chosen level of confidence, esti¬ 
mation by interval is necessary.® Thus, if an interval with a con¬ 
fidence coefficient of 0.95 is employed, the probability is 0.95 that the 
interval will include the true value within its range. Such an interval 
for log Fa is given by 


whore 


estimated average log F2±<.05.s 

estimated average log Fa^log (AJ)H 2 )+^og {AT^ 
—log {ADHi)+\o^ (.4 Ji)+observed average log Vi 


t.05 is the 0.05 significance level of Student^s t for N—1 degrees of 
freedom (5), and 




saog Fr- (s lo^ViY 

_ N\ 


in which 2 denotes sununation over the A^i values of log Fi supplied 
by the first test. By taking antilogarithms the corresponding 0.95 
confidence interval for Fa is obtained. 

As an example, the data for Perfection of trial 1 is u^ed to predict 


«N«yMAN,J. LKCTIJRB8 AND CONFERENCES ON MATHBMATICALBTATiariCS. 160pp.,HlUS. [1938.] (U. S. 
Dept. Agr. Graduate School processed publication.) Washington, D. O. 



Nov. IP, 1943 Measurement of the Reswtame of Peas to Aphids 


383 


the interval within which Perfection must lie for the standard con¬ 
ditions (ADH=4,750; ^r=68.0^ F.): 


Perfection 

Vi values Log Vi values 

75 1.875 

68 1.832 

65 1.813 

62 1.792 

65 1.813 

61 1.785 

78 1.892 

68 1.832 

76 1.881 

68 1.832 


log y,-18.347 
(log Vi)2::= 33.673549 

2_33.673549 -^33.661241 

“(9)(ioy 

S-.0117 


.4D//, = 4,390 
-4 7^1 = 68.5 
.4D//2-4,750 
.4 7^2 = 68.0 

Estimated average log F 2 ~ 3.677 
+ 1.832-3,642- 1.836+1.835 = 
1.866 Antilog 1.866 = 73.5 

= .00013675 

t.05= 2.262 for 9 degrees of freedom* 


I nterval= 1.866 + 0.026 

log y 2 ranges from 1.840 to 1.892 
V 2 ranges from 69.2 to 78.0 

Using method 3 in this case, an average value of 73.5 is predicted 
for V 2 and the probability is 19 in 20 that the true V 2 lies within the 
interval 69.2 to 78.0.^ The V 2 value when predicted by the use of 
method 2 fell at 73.9 while the average V 2 value used as a basis for 
method 1 was 70.9, also within the interval. Thus it is seen that in 
this case the value predicted by the use of naethod 2 and that used in 
method 1 arc consistent with the interval estimate of method 3. 

If a 0.95 confidence interval is desired for Fi, it is given by observed 
average log where and « are the same values as in 

the preceding. Thus the 0.95 confidence interval for log F calculated 
from the above data is 1.835+0.026; i. e. from 1.809 to 1.861, so that 
the 0.95 confidence interval for Vi is 64.4—72.6. 


STATISTICAL ANALYSIS OF COMPARISON EQUATION 

The three methods described above for combining the results of a 
series of trials are based on the original comparison equation F: 
{ADHx){ATi)==^V 2 \{ADH 2 ){AT^. Since this equation occupies so 
important a place in antilyzing the experimental data, it was 
decided to test its validity through statistical analysis of results 
obtained by its use. In order for this equation to be valid it is 


necessary that 


V 

(ADH) (AT) 


be equal to some constant which will 


depend on the variety concerned, over the range of time-temperature 
conditions likely to be met in practice. 


7 It should be noted that the probability refers to the interval including the true value of T^ 2 . It is wrong 
to say “the probability is 0.96 that the true Vt will fail in the Interval.” The true Vj is fixed (^though un* 
known) when the variety and the time-temperature conditions are sp^fled. It is the interval which varies 
as a result of sampling fiuotuations, not Vt, 
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If {AHD){AT)l{V)=^ky a constant for a given variety, then takif!| 
logarithms, this implies that log {AI)H)+\og(AT)—log (F)=Iog 
k"Kj a constant independent of temperature conditions, also. Since 
this latter form is more convenient for statistical analysis, addition and 
subtraction, instead of multiplication and division, being easier to 
handle statistically, th(^ analysis has been performed in terms of loga¬ 
rithms. From the data of preliminary trials 1 and 3 and variety trial 
1, the values of log k for the Perfection variety, shown in table 8, 
were obtained. 

Table 8.— Values of log k for Perfection values from preliminary trials 1 and 3 and 

varietal trial 1 


Prcliraiimry 
trial No. 1 

Preliminary 
trial No. 3 

Varietal trial 
No. 1 

3.60 

3.73 

3.57 

3. Of) 

3. .53 

3.74 

3.67 

3.(H 

3.01 

3.69 

3.71 

3.75 

3.67 

3.60 

3.71 

3.70 

.3.73 

3.70 

3.59 

3.67 

3.79 

3.65 

3.62 

3.60 

3.60 

3.71 

3.66 

3.66 

3.73 

3.68 

‘3.647 

‘3.667 

‘3.681 


1 Mean. 


It can be seen that the tliree means differ in the second decimal 
place only. Using Student^s t test, the comparisons P. T. 1 vs. P. T. 
3, P. T. 1 vs. V. T. 1, and P. T. 3 vs. V. T. 1 yielded t values of 0.808, 
1.327, and 0.449, respegtively, all of which are seen to be less than the 
5-perccnt significance level for 18 degrees of freedom (i. c., 2.101), 
indicating that there is no reason to suppose that log fc, and therefore k, 
is different in the three tests. In like manner, the mean values of log k 
for preliminary trails 1 and 3 were compared for Gradawax and 
Alaska—these did not occur in variety trail 1—and the resulting 
values of t were 1.625 and 0.108, respectively, also nonsignificant. 
Therefore, it appears that, so far as a given variety is concerned, the 
ratio is sensibly constant; at least from the data at hand, no significant 
departure from constancy has been detected when the temperature 
conditions are varied within the range of temperature conditions of 
the data examined. 

As regards precision, method 1 is definitely less precise than methods 
2 and 3 since the error of estimation of MV 2 , say, by method 1 in¬ 
volves the sampling errors of PFi, PF 2 , and MFi, whereas the error 
of estimation of mVo by either method 2 or method 3 involves the 
sampling error of MVi only. Estimates obtained by method 1 are, 
however, sufficiently accurate for general purposes. Whereas 
method 1 cannot be emploved unless data for a check variety, here 
Perfection, are at hand for both trial, conditions, nevertheless, when it 
is applicable the simplicity of the calculation is a point in its favor. 

Method 3 is the only one of the tliree which gives a clear indication— 
provided in this instance by the width of the confidence interval—of 
the accuracy of the estimate. Wlien method 2 has been employed, a 
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crude index of the accuracy of the estimate can be obtained without 
carrying out method 3 to completion by evaluating 

Estimated geometric mean y 2 =a'ntilog (estimated average log Fi) 
and comparing this value with estimated average V 2 found by method 
2. The estimated geometric mean Vo will be less than the estimated 
average V 2 by an amount which depends on the variation among the 
observed Vo values, equality being attained only when all of the 
observed V 2 values arc equal. Thus, in table 9, it may be noted that 
method 2 gives 64.4 for Wisconsin Merit and for Cade and the cor¬ 
responding geometric means are 54.6 and 64.1 respectively, indi¬ 
cating that the value for Cade is estimated more accurately than 
that for Wisconsin Merit. A glance at the relative widths of the 
corresponding confidence intervals obtained by method 3 bears out 
this inference. 


Table 9 .—Comparative aphid resistance of pea varieties listed in tables 1 and 5 as 
calculated for standard trial conditions by the 3 prediction methods 


\ and y 

Method 1, 
average 
value 

Method 2, 
average 
value 

Geometric 
mean ‘ 

Method 3, 
interval 

Onward. 

26.0 

20.0 

20.4 

11.1 - 37.4 

iMde... 

28.5 

29.6 

24.3 

14.2 - 41.4 

Gradawax. .... 

30.4 

31.6 

29.0 

20.4 - 41.1 

Wisconsin I’enin . 

34.2 

35.0 

33.4 

26.0 ~ 44.8 

Stratagem. .... 

43.3 

41.7 

37.2 

• 23.8 - 57.9 

Potlatch. 

63.2 

61.3 

48.6 

36.3 - 65.2 

Yellow Admiral. 

62.7 

54.8 

61.2 

38.6 - 68.1 

Confidence (light). . 

60.2 

55.2 

53.2 

43.2 - 65.6 

Alaska.. . 

62.4 

64.5 

53.5 

46.2 - 61.8 

Wisconsin Merit . ... 

02.0 

64.4 

54.6 

33. 3 - 89.3 

Glacier.. . 

57.8 

56.8 

55.3 

46.6 - 65. 8 

Sherwood. . .. 

59.2 

67.1 

66.2 

49.7 - 63.7 

Confidence (dark) . .... 

68.8 

57.8 

67.3 

62.0 - 63.1 

Uorsford. . . . . 

60.5 

59.7 

59.7 

64.6 - 64.4 

Emerald. ... 

61.3 

60.6 

59.4 

52.6 - 67.1 

Surprise..... 

69.2 

61.4 

59.4 

49.0 - 72.1 

Dwarf Defiancje__ 

02. 

60.6 

60.0 

54.0 - 65.9 

Asgrow No. 83.. .... .... . _ 

64.0 

66.6 

60.5 

42.5 - 86.3 

English broadbeau • . .. . 

61.0 

61.9 

61.7 

56.6 - 67.1 

CannerKing . .. . 

63.2 

62.4 

< 62.2 

68.9 - 65.8 

Cade. .. 

64.3 

64.4 

64.1 

59.4 - 69.2 

Creole...... .. 

06.3 

66.3 

66.2 

64.0 - 69.2 

Danby Stratagem....... 

60.9 

67.4 

66.6 

63.7 - 82.4 

Perfection (variety trial 2) .. 

3 (70.9) 

68.3 

68.1 

66.2 - 70.0 

Perfection (variety trial 4).. . ... _ 

(70.0) 

69.7 

69.5 

66.1 - 73.1 

Daniel ...... 

60.8 

69.1 

69.8 

66.5 - 7.3.3 

Perfection (variety trial 3)... 

(70.9) 

70.0 

69.8 

66.2 - 73.6 

Profusion. ... 

72.2 

75.0 

70.2 

60.6 - 97.3 

Perfection (variety trial 5)____ 

(70.9) 

71.0 

70.8 

66.4 - 75.5 

Perfection (variety trial 1)__ 

(70.9) 

73.6 

73.3 

68.2 - 78.7 

Perfection (preliminary trial 1) ., ... ... 

(70.9) 

73.9 

73.5 

69.2 - 78.0 

Asgrow No. 40.... 

71.7 

74.4 

73.6 

65.8 -* 82.4 

Fasciated Swe«^t--... 

75.7 

74.9 

74.0 

69.8 - 78.3 

Prince of Wales.. ... 

73.6 

76.6 

75.9 

68.6 - 84.0 

Early Wales... 

74.7 

77.6 

77.3 

69.7 - 85.7 

Triumph... ... 

83.4 

86.6 

86.6 

81.8 - 91.4 


* Geometric moan**antilogarithm of average log V. 

* Vickfabtt. 

a Estimated value. 


It is recommended, therefore, that the method to be used be de¬ 
termined by the degree of accuracy desired. In a general testing pro¬ 
gram where a quick and easy metnod will suffice to show the rdative 
resistance of varieties tested, methods 1 and 2 are sufficiently accurate. 
In technical studies where a certain degree of confidence is desired, 
method 3 should be used. 
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EXTENT OF APHID RESISTANCE IN PEAS 

The known range of aphid resistance in peas is small. The most 
resistant pea varieties found to date are but midly resistant when 
compared, for example, with certain alfalfa lines (I), {6) which are 
almost immune to attack by the pea aphid. When compared with 
susceptible pea varieties, nevertheless, the difference is large enough 
to be of significance in the field. 

Some 50 varieties of peas have been tested with the greenhouse 
technique. Three trials, comprising 18 varieties were discarded 
because of high temperature and consequent mortality of parent 
aphids. Varieties tested in preliminary trials 1 and 2 and in the 5 
varietal trials were placed in their approxipiate positions in the 
resistance-susceptibility scale by i^ans of the 3 methods described 
above. Values given the varieties in each of the 3 resultant scales 
are based on the probable response of these varieties under a standard 
set of experimental conditions, namely, 4,750 accumulated degree- 
hours at an average temperature of 68.0° F. No trials were run at 
exactly these standard conditions, so that no value was available for 
the Perfection check variety for these conditions. The value was 
determined, therefore, by averaging the hypothetical values predicted 
for the standard conditions by means of method 2 using the (lata from 
preliminary trial 1 and the 5 varietal trials. The value, 70.9, was 
obtained by this procedure. The results are presented in table 9. 

Values predicted for the 31 varieties in table 9 by each of the three 
prediction methods are found to fall in approximately the same 
relative position, with respect to each other, in the resistance-suscepti¬ 
bility scale. All values obtained by the use of methods 1 and 2 fall 
within the interval necessary for 95 percent confidence as determined 
by the use of method 3. In fact, these values fall in the approximate 
center of the interval in the majority of instances. As noted above, 
the geometric mean predicted by method 3 will never exceed the 
corresponding arithmetic mean obtained by the use of methods 1 
and 2. The size of the interval necessary for 95 percent confidence 
varies considerably from variety to variety depending upon the 
uniformity of progeny counts. In the ease of Wisconsin Merit, 
Asgrow 83, and Profusion, the presence of some extremely low counts 
resulted in intervals much too large for practical application. 

SUMMARY AND CONCLUSIONS 

A new teclmique for detecting the presence and measuring the 
magnitude of aphid resistance m peas has been described. The 
principal advantages of the procedure are (1) accuracy under variable 
environal condition^, (2) rapidity, and (3) adaptability to require¬ 
ments of the pea breeder. While the procedure is of value in supply¬ 
ing an efficient and rapid means of evaluating the comparative aphid 
resistance of establish^ pea varieties and strains, its greatest promise 
lies in its ability to detect resistance in individual plants belonging to 
segregating families. The inability of pea breeders in the past to 
determine the comparative aphid resistance of single plant selections 
has be^ one of the principal factors in preventing the development of 
new pea varieties having increased resistance to the aphid. No 
variety of pea has yet been found that exhibits a high degree of resist- 
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ance to the aphid, and for this reason it seems unlikely that new 
varieties of greatly superior resistance will be developed in the near 
future. Nevertheless, the incorporation of partial resistance, suc.h 
as is found in the Onward variety, into other peas having more de¬ 
sirable canning qualities doubtless would be of real value to growers 
and packers of this staple crop. 
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COMPARATIVE ABILITY OF SEVERAL SPECIES OF LYGUS 
AND THE SAY STINKBUG TO DAMAGE SUGAR BEETS 
GROWN FOR SEED ^ 


Ry Orin a. Hills 

Associate entomologist, Division of Truck Crop and Garden Insect Investigations, 
Bureau of Entomology and Plant Quarantine, Agricultural Research Adyninis- 
tration, United States Department of Agriculture 

INTRODUCTION 

In earlier work ^ the writer has shown that Lygus hesperus Knight 
and L. oblineatus (Say) and two of the stinkbugs— Chtorochroa sayi 
Sty and Tkyanta custator (F.)- 'may render nonviable tlie seeds of 
sugar beets (Beta mlgaris L.) grown for seed. These two species of 
Lygus and also L. elisus Van Duzee occur in the seed-beet fields of 
the Southwestern States. The same species do not predominate in 
all districts, however, and field observations have indicated that all 
species may not cause equal damage. An investigation was there¬ 
fore undertaken at Phoenix, Ariz., in 1940 to determine the potential 
as well as the comparative ability of the various forms of L. hesperusj 
L. oblmeatuSf and L. elisus to reduce the viability of seed balls of 
sugarbeets grown for seed, and to compare this damage with that 
caused by adults of Chlorochroa sayi, 

MATERIALS AND METHODS 

In December 1939 three 16-mesh screen cages measuring 10 by 15 
by 7 feet were placed in a sugar-beet field over groups of plants to 
protect them from infestation by Lygtts and other seed-feeding insects 
(fig. 1). At this time very few insects were present, but to insure 
insect-free conditions the plants within the cages were sprayed with a 
strong mixture of pyrethrum-in-oil. 

The following April, after the plants had developed seeds talks, 
sleeve cages approximately 7 inches in diameter and 14 inches long 
were tied on individual spikelets of the plants withm the large cages. 
These sleeve cages were made of curtain scrim having approxhnately 
32 meshes to the inch, which is sufficiently fine to retain even small 
Lygus nymphs. The cages were set up in randomized blocks, 11 cages 
constituting a block, and each block was replicated 10 times. A 
sufficient number of flowers w(‘re included in each cage to develop 
from 300 to 400 seed balls, wdiich was considered an excess of food for 
the insects. A single insect was then introduced into each cage so 
that each block would contain 1 female, 1 male, and 1 nymph of Z. 
hesperus, L, oblineatus, L, elisus, and a Chlorochroa sayi adult without 
respect to sex; and 1 cage was maintained insect-free as a check. All 
the cages of 1 block were placed on the same beet plant to avoid any 
possible differences between plants. Figure 2 shows a close-up of 1 
of the blocks within the screen cage. 

‘ Received for publication November 26, 1942. 

2 Hills, 0. A. isolation-caoe studies or cbbtain bemiptebous and homoptirous insects on sugar 
BEETS QBOM N FOR SEED. Jour. ECOU. Eut. 34; 755-760, illUS. 194J. 
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Insects for this work wore reared as pure-spccies colonies in cloth- 
covered cages measuring 4 by 5 by 7 feet, shown at the extreme left 
in figure 1. For the tests of nymphal damage nymphs were taken 
directly from these* colony cages and placed in the sleeve cages. 
Nvmphs as nearly as possible in the second instar were used and 
allowed to mature within the cage. The newly (‘merged adults were 
removed immediatidy and replaced with other seconci iiistars of the 
same species. For tests of adult damage individually reared speci¬ 
mens were used in order to prevent reproduction within the cages 
containing females. Adults were obtained by placing large* nymphs 



Figube 1. —Cages used in insect-isolation studies. The large cloth-covered cages 
at the left contained pure-species colonies. The three large screen cages were 
for protection of the plants from outside infestation; the small sleeve cages 
within contained the insects being tested. The cylindrical screen cages in the 
foreground were not used in this experiment. 

from the colonv cages in individual rearing cages on beet spikelets 
(fig. 3). As adults emerged, males and females wore placed in sepa¬ 
rate sleeve ca^es. The insects were observed every 2 or 3 days, 
and dead individuals were replaced with live specimens. 

The insects were maintained on the plants from the beginning of 
the blooming period until the seed matured, which in most cases was 
from May 10 to June 24. The average number of individuals used in 
maintaining one insect in each cage during this period was: For 
Lygus hesperus^ females 1.4, males 2.1, and nymphs 3.9; for Z. 
oolineatus, females 1.3, males 2.1, and nymphs 3.9; for L, elisus, 
females 1.4, males 1.9, and nymphs 4.9; for adults of (Morochroa 
ggyt, 1.4. 

When the seed was mature, the sleeve cages were brought into the 
laboratory, where the seed balls ® were stripped from the sp^elets by 
hand and screened over a Ji 4 -inch mesh hand screen to remove trash 
and small seed balls. The seed balls from each cage were then 
counted and germination analyses made to determine their viability. 


* In this paper the term “seed ball" Is used to denote the dried fruit (dicleslum) contaiaina one or more 
true seeds, and Id synonymous with the tenn “beet seed" in commercial usage. 
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Since it was desirable to know whether the insects w^ere capable of 
feeding on one seed without damaging other seeds in the same ball, or 
whether they rendered the entire ball nonviable, counts were made not 
only of viable balls but also of the sprouts developing from each ball. 



Figure 2.—Close-up of one of the blocks of sleeve cages, within one of the large 

screen cages. 

RESULTS 

The results of the tests are summarized in table 1. There was a 
significant increase in thfe number of nonviable seed balls in all cages 
containing insects over that in the check cages except in the cages con¬ 
taining Lygus elisus males. More nonviable seed balls were foimd in 
the (Morochroa sayi cages than in any of the Lygus cages. There was 
a definite reduction in the number of sprouts per viable ball only in 
the case of damage by C, sayi, A slight reduction is indicated for 
L. hesperus nymphSf but in general feedmg by Lygus spp. rendered all 
the seeds within the ball nonviable, whereas in cages containing C. sayi 
one or more of the seeds in certain balls were damaged but the other 
seeds within the ball germinated. 
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Figuee 3. —Close-up of individual rearing cages, tied on tips of sugar-beet 

spikelets. 


Table 1. —Viability of seed balls from svgar-beet spikelets confined in cages with 
individuals of Lygus spp. and Chlorochroa sayi; means of 10 replicate cages 


Insect 


Lygu9 Hesperus: 

Female_ 

Male. 


Nymph. 

Lygus oblmeaius: 

Female. 

Male. 


Nymp h 
Lygus elisus: 

Female_ 

Male_ 


Kymph.. 

CMoro^oa sa/yi .... 

None ^*heck).. 

Plflerenoe required tor slgnlflcauoe. 


Seed balls iJer cage 

Sprouts per 
viable bah 
per cago 

Non viable 

1 

Viable 

Total 1 

Number 

Number 

1 

Number 

Number 

96.8 

344.4 

441.2 

1.48 

62.8 

370.3 

433.1 

1.63 

114.4 

325.1 

439.5 

1.46 

96.7 

325. 6 

422.2 

1.56 

66.1 

383.8 

448.0 

1.58 

79.0 

324.5 

403.5 

1.61 

65.1 

! 360.7 

425.8 

1.58 

64.0 

355.2 

406.2 

1.56 

65.5 

365.8 

431.3 

1.69 

206.1 

126.7 

332.8 

1.27 

23.4 

426.1 

448.5 

1.62 

36.0 

I . 

0) 

.15 


1 Not Bigniflcttut by the F test. 
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Since the cages were placed on the plants when they were in the 
very early blossom stage, it was impossible to encage a definite num¬ 
ber of seed balls, and the only way to approach uniformity in this 
regard was to encage approximately the same length of each spikelet. 
However, the fact that there were no significant differences between 
treatments in total number of seed balls produced per cage indicates 
that none of these insects cause a reduction in the number of seed 
balls produced, which is in accordance with previous experiments. 

Since the number of viable seed balls remaining in the Lygus cages 
was far in excess of the number of nonviable seed balls, it is probable 
that the damage claused by these insects had reached its maximum, 
and that no more nonviable seed balls would have been produced if 
larger numbers had been present. The number of viable seed balls 
remaining in the Chlorochroa sayi cages was considerably smaller 
than in the Lygus cages, and if these cages had contained more seed 
balls the number of nonviable balls might have been greater. 

The mean differences between the number of nonviable seed balls 
occurring in cages containing the various forms and species of Lygus 
become more evident when the data pertaining to Lygus are analyzed 
without the data from the C, sayi or check cages. Table 2, in which 
the different forms of Lygus arc grouped without respect to species, 
shows that the females and nymphs cause an equal amount of dam¬ 
age, but somewhat more than that caused by the males. Table 3, 
showing the same data for the three species of 'without respect 
to form, indicates that Lygus elisus damages a significantly smaller 
number of seed balls than does either L. hesperus or L. ohlineatus. 


Table 2. — Viability of svgar-heei seed halls produced in cages containing rnales, 
females, and nymphs of Lygus without respect to species 


Form 

Seed balls per cage 

... 

Nonviable 

Viable 

Adult female.... . . 

Number 
80.2 
00.6 
86.3 1 
15.2 1 

Numf^er 

343.5 
369.8 

338.5 

Adult male. 

Nymph ^ . ... . .... 

Difference required for significance - . ..... - 


Table 3. —Viability of sugar-beet seed balls produced in cages containing various 
species of Lygus without respect to form 


Species 

Seed balls per cage 

Nonviable 

Viable 

Lygus hesperus ..... 

Number 

91.3 

80.3 
61.5 
15.2 

Number 

346.6 

344.6 
360.0 

Lygibs oblmsaius... ... -- 

Lygus disus,.. .. 

Difference required for significance.. 




The results of these experiments not only furnish a basis for com¬ 
paring the amount of damage to sugar-beet seed attributable to the 
various species and forms of Lygus as well as to adults of Chlorochroa 
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sayij but also, since they are based on the actual number of seed balls 
damaged, they give some idea of the damage to be expected from each 
individual occurring in the field. The fact that Lygus nymphs cause 
as much damage as the females is of prime importance, since at cer¬ 
tain seasons the nymphs are far more numerous in the fields than the 
adults. The fact that L. elisus causes less damage than the other two 
species is also important in evaluating field populations of Lygus. 

Less emphasis has been placed on Chlorochroa sayi, since this insect 
is usually present in beet fields in much smaller numbers than Lygus. 
In certain years, however, C. sayi has been known to occur in some 
areas in large numbers with disastrous results. This can easily be 
understood by the results of this experiment, which show that a single 
specimen maintained on the plant during the fruiting period is capable 
of destroying many more seed balls than any of the species of Lygus. 

SUMMARY 

This paper reports the results of a study to determine the extent of 
damage that may be caused to sugar beets grown for seed by several 
forms of three species of Lygus that occur in the seed-beet fields of the 
Southwestern States and by adults of Chlorochroa sayi St.41. The ex¬ 
periments were conducted with insects caged individually on seed-beet 
plants grown within large screen cages. L. hesperus and L. oblineatus 
caused more damage than L. elisus. Nymphs caused as much damage 
as females, and both nymphs and females caused more damage than 
males. Adults of C. sayi caused more damage than any of the species 
or forms of Lygus. 



INFLUENCE OF VARIOUS FACTORS ON THE STARCH 
CONTENT OF KANSAS-GROWN POTATOES AND SWEET- 

POTATOES ‘ 


By H. N. Bakham, industrial chemistj Kansas Agricultural Experiment Station; 

George Kramer and G. Nathan Reed, Department of Chemistry^ Kansas 

Stale College 

INTRODUCTION 

In addition to its value as a food material, the potato {Solanum 
tuberosum L.) has achieved considerable commercial importance 
because of the desirability of its starcli for use in the textile industiy. 
liccent studies (Sy have indicated that starch from sweetpotato 
(Ipomoca batatas (L.) Lam.) may also be of industrial value and an 
experimental mill has been in operation at Laurel, Miss., since 1934. 

Systematic studies (4, 6\ 9^ 10j 11) of the starch content of both 
the potato and the sweetpotato have been made for a number of 
localities, niesc studies have revealed a rather wide variation in 
starch content. The results of a similar study of Kansas-grown 
potatoes and swtudpotatoes are reported in the present paper. For 
tins work a series of carefully selected, representativis samples was 
obtained. Since it was known that starch content may be influenced 
by a number of factors, the samples were selected iji such a manner 
that as many of these factors as i)ossiblc might be studied. Hovrever, 
the choice of samples was limited by the fact that they were collected 
by one man in the course of his regular duties. 

The following factors were believed to affect the starch content of 
potatoes: Variety, stage of maturity, soil, previous crop grown on the 
land, and storage. Subsequent paragraphs will indicate the way in 
which these factors were taken into consideration during the course of 
the work. 

The Irish Cobbler, Warba, and Bliss Triumph potatoes wore 
selected because they are the varieties most commonly growui in 
Kansas. 

The regular harvest season for Kansas in 1939 was July 11-14. 
Samples taken from the ground prior to July 11 were immature and 
were labeled early harvest.’^ Samples taken 5 to 10 days after the 
regular harvest had been completed were designated “late harvest.^' 
No record of the previous crop was obtained except in those instances 
specifically mentioned. 

Two identical samples of Irisli Cobbler were used to study the 
effect of storage. One sample was placed in cold storage (4.4® C.) 
and the other was stored in a shed. Weight changes as well as starch 
content were determined for each sample at monthly intervals for a 
6-month period. 

For sweetpotatoes the following factors were studied: Variety, lo¬ 
cality, stage of maturity, and curing. The Little Stem Jersey, Big 
Stem Jersey, Improved Big Stem Jersey, Red Bermuda, and Nancy 

1 Received for publication November 6, 1942. Contribution No. 262 of the Department of Chemistry, 
KMsas Agricultural Experiment Station. 

* Italic numbers in parentheses refer to Literature Cited, p. 406. 


Journal of Agricultural Research, 
Washington, D. C. 


(395) 


Vol. 67, No. 10 
Nov. 15, 1943 
Key No. Kans.-97 



396 


Journal oj Agricultural Research 


Vol. 67, No. 10 


Hall were selected as varieties common to Kansas. Samples taken 
before October 1 were regarded as “early harvest’^; those taken after 
that date were considered as “regular harvest.” Five samples of 
regular harvest ]:)otatoes were put through the curing process which 
consisted of heating in a kiln at 26.7° to 32.2° C. for 10 to 14 days. 

EXPERIMENTAL MATERIALS AND METHODS 

COLLECTION OF SAMPLES 

Thirty-six samples—18 of potatoes and 18 of sweetpotatoes—were 
collected during the period Julv to November 1939.^ They were 
shipped to Manhattan, Kans., where they wore placed in storage, tlu^ 
potatoes at 4.4° C. and the sweetpotatoes at room temperature, until 
used for the preparation of the analytical samples or the extraction of 
starch. Not more than 60 hours (average about 36) elapsed between 
the digging of a sample and the time it reached storage. The analyti¬ 
cal samples were prepared in less than 24 hours after the samples 
were received; starch was rernoved from corresponding samples soon 
thereafter. A detailed description of the samples is given in tables 
1 and 2. 


Table 1. —Data on field samples of Kansas-grown potatoes collected for analysis as 

to starch content 


Sample 

No. 

Variety 

Source 

Type of soil 

Stage of 
harvest 

Starch (fresh 
weight basis) 
obtained when 
analyzed by— 



Acid 

hydro¬ 

lysis 

Diastase 

hydro¬ 

lysis 

1_ 

Irish Cobbler,. 

Near KdwardsvilK* .. ... ... 

Sandy loam. 

Fine sandy loam... 

Early... 

- do_ 

Percent 

‘13.26 

14.67 

Percent 

11.77 

13.40 

4.. 

.do 2. 

Nowman Experimental 

5.. 

.do . 

Fields, Newman. 

.do.... 


Regular 

- .do. 

14.31 

15.41 

12.65 
13.84 

8. 

....do2. 


_do.. 

9. 

. ...do*. 

.do. -. . 

....do . . ... 

..do .... 

14.64 

13.22 

10. 

.. .do2. 

Near Lorinp .. . 

Ix)ainy sand .... 

.do..... 

13.28 

11.86 

11 . - J 

. ..do«^ . ... 

Near Manhattan. . _ 

Sandy loam.' 

_ do . . 1 

-.do. 

...do. 

Late.... 
...do_ 

14.67 
14.67 
12.18 
13.3U 

13.28 

13.28 

10.99 

11.98 

12.1 

. ...do ^ . . . 

.. .do.. 

13. 

_do.. 

Near Edwardsville ... 

..do - ..| 

16. 

_do. 

Newman Experimental 

Fine sandy loam... j 

17.1 

_do . 

Fields, Newman. 

1 Near Newton... 

Loamy sand. 

Uxjland-... 

...do. 

...do... 

12.46 
15.19 
10.99 
11.45 

9.81 

12.59 

13.56 

11.82 

11.15 

13.25 

9.90 

9.90 

8.80 

11.17 

11.90 

10,61 

18. 

.do a .. 

Near Atchison...' 

2. 

Bliss Triumph 
.do»<. 

_do. 

Near Linwood.. 

Sandy loam _. , . 

Early .. 
Regular. 

Late 

6.; 

16.. 

Newman Experimental 

I Fields, Newman. 

Near Linwood... . 

Fine sandy loam. 

Sandy loam. 

3_ 

Warba. 

Near Edwardsville. 

...do. 

Early. I. 
Regular. 

Late,.., 

7. 

14. 

.....do8<.,. 

.do. 

Newman Experimental 
Fields, Newman. 

Near Edwardsville. 

Fine sandy loam... 

Sandy loam 






1 Because of unsatisfactory handling, this sample will bo disregarded in the discussion, 
a From land on which potatoes were groym the previous year, 
a Used in variety comparison. 

* From land on whicli oats (followed by sweetclover, which was a failure) was grown the previous year. 

* From land on which alfalfa was grown the previous year. . .. .. *, .. 

* Used in cold-storage (4.4* C.) experiment. 

7 Graded: Grade 2. 

* Used in shed-storage experiment. 


• The samples were collated by Dr. 0. H. Elmer of the Beperunent of Botany, Kansas State College, 
in connection with his field work among the potatoe growers of the State. 
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Table 2. —Data on field samples of Kansas-grown sweet jwialoes collected for analysis 

as to starch content 


Sample 

No. 

Variety 

Source 

Stage of 
harvest 

Starch (fresh- 
weight basis) 
obtained when 
analyzed by- 

Acid 

hydrol¬ 

ysis 

Dia¬ 

stase 

hydrol¬ 

ysis 





Percent 

Percent 

1 

Little Stem Jersey.. 


Earlv _ 

15.21 

13.44 

4 

.do.... 

_do__■._ 

Regular. 

10.88 

15.13 


do.-. 


_.do. 

16. 67 

14. 78 


do. 


-.-.do.L... 

15.19 

13.17 

17 . 

_do..- 

_do . . ... ..1 

i. .. do.i_ 

15.33 

13.13 


..„do....1 

Arkansas River Valley.I 

.... do. 1 

17.39 

15.45 

11 

.... do.... 

_do__' 

. .. do... 

18,84 

16. 74 


Nancy Hall ___ 

Kansas River Valiev.] 

Earlv. 

21.06 

19.45 

13 . . 

_do .. 

. do... 1 

Regular_ 

21.50 

19.42 

18_ j 

_do... 

do___ .i 

.do.C. . 

18.96 

16. 59 

7 

.do.-. 

! Arkansas River Valley. ., , | 

....do_; 

21.49 

19. 73 

i».! 

. .. do... 

1 .. do ... . 1 

..do. 

19.69, 

17.93 

3_ 

Rod Bermuda . . . . 

1 Kansas River Valley. .. . . 1 

Early_j 

13.84 

12.85 

12.. .. 

- ..do... 

1 _do... : 

Regular| 

14.50 

13. 57 

14, ' 

. do.. 

1 . .. do... . 

. ...do.L.. ' 

14.87 

13.42 

t) .... 

Improved Biw Stem Jersey_ 

do ....! 

_do .... , 

18.69 

16. 79 

].’).1 

1- .. do.; 

; .. do.i 

.do’... 

17.83 

15. 60 

10 . 

Big Stem .Tersc'y .! 

1 .Arkansas River Valley.' 

.do.' 

18.94 

17.14 

i Cured sample. 


SHED STORAGE VERSUS COLD STORACJE 

Potato samples Nos. 11 and 12 were used in the storage experiments. 
The samples were identical in nature—Irish Cobbler, regular harvest, 
grade 2—and three 100-pound sacks were used for each experiment. 
Sample No. 11 was stored in a commercial cold storage plant in 
Manhattan, while sample No. 12 was placed in a shed of light frame 
construction, elevated on pilings to a height of about 5 feet above the 
ground. Of the three sacks of potatoes used in each experiment, one, 
(lesignated ^'weight sample/' was used only for determinmg the 
changes in weight (table 3) that occurred during the experiment; 


Table 3. — Weight record on storage samples 


Month 

Cold storage 

Shed storage 

Weight 

Total loss 

Weight 

Total loss 


Pounds 

Pounds 

Percent 

Pounds 

Pounds 

Percent 

July. 

90 0 



89.5 



August.. 

86.0 

4.6 

4.4 

77.6 

12.0 

13.4 

September... 

83.5 

6.5 

7.2 

69.0 

20.5 

22.9 

October.-.. 

83.0 

7.0 

7.8 

62.6 

27.0 

30.2 

NovemlM^r. 

82.5 

7.5 

8.3 

60.6 

29.0 

32.4 

December.. 

81.5 1 

8.6 

9.4 

59.0 

30.5 

34.1 

January. 

80.0 

10.0 

11.1 

58.5 

31.0 

34.6 


the second was used as the source of the analytical samples, and the 
third was held in reserve. On July 14, the weight of each weight 
sample was recorded and 10 pounds of potatoes were removed from 
the second sack of Nos. 11 and 12 for the preparation of the analytical 
samples. This procedure was repeated on the fourteenth of each 
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succeeding month to and including January 14, 1940. The analytical 
samples were handled in a manner subsequently described and 
analyzed with the other potato samples. 

During the 6-month period the potatoes in shod storage were ex¬ 
posed to a wide range of conditions. While no attempt was made to 
keep a daily record of the temperature and humidity fluctuation, the 
monthly average for each of these factors as recorded by the Kansas 
State College weather observers is shown in table 4. The condition 

Table 4 .—Average temperature and humidity during the period^of shed^storage 


Month 

Average mean 
temperature 

.\vcrage 

relative 

humidity 

1939 


Percent 

July. 

83.75 

53.5 

August.. - 

76.87 

64.9 

Septomber_ 

7a 31 

46.7 

October. 

61.77 

61.4 

November. 

44.83 

64.8 

December. 

39.01 

61.1 

1940 



January. 

13.76 

06.2 


to which the sample in cold storage was exposed were fairly constant. 
The company operating the storage plant stated that the tempera¬ 
ture was maintained at 4.4° C. (± 1°) and that previous determinations 
of relative humidity gave an average of about 85 percent for that part 
of the plant in whicti the samples were kept. 

PREPARATION OF ANALYTICAL SAMPLES 

Ten pounds of potatoes were taken from each of the incoming 
samples, scrubbed with a vegetable brush to remove all foreign matter, 
and dried by spreading on a wire screen before an electric fan. They 
were then cut into small pieces and passed four times through a large, 
dry meat grinder. No water was added at any stage of the prepara¬ 
tion. The thick watery suspension was thoroughly mixed, 100 gm. 
weighed out on an analytical balance, and added to sufiicient hot, 
acid-free, 95 percent ethyl alcohol to make the final alcoholic concen¬ 
tration—allowing for the water content of the potato—about 80 per¬ 
cent. Approximately 15 minutes was required for finding and weigh¬ 
ing the samples. The alcoholic suspension, contained in a fruit jar, 
was heated on a water bath for 30 minutes at a temperature slightly 
below the boiling point. The contents of the jar were thoroughly 
stirred at frequent intervals during the heating. The jars were then 
sealed, labeled, and stored until the next step in the preparation of the 
samples could be carried out. 

Each sample was carefullv filtered from the alcohol with suction on 
a Hirsch funnel. Tne resiaue was washed with about 150 cc. of 80- 
percent acid-free alcohol and dried as thoroughly as suction would 
permit. The funnel, containing filter paper and sample, was placed 
m an electric oven at 80° C. and kept there for 14 hours. The sample 
was carefully transferred to a tared weighing bottle, dried for an 
additional 3 hours at 80°, cooled in a desiccator, and weighed. This 










Nov. Ifi, 1943 


Starch Content oj Kansas-Grown Potatoes 


399 


was taken as the weight of dry material that was obtained from 100 
of potatoes and that was insoluble in 80-percent alcohol. The dried 
material was ground to a fine powder and stored until needed for 
analysis. For the actual analysis, a small sample of each of these 
dry powders was placed in a tared weighing bottle, dried again at 80° 
for 2 to 3 hours, cooled in a desiccator, and rewoighed. 

METHOD OP ANALYSIS 

A number of methods have been described as suitable for the deter¬ 
mination of starch in vegetables. In most cases, satisfactory checks 
can be obtained as long as a given procedure is followed but rarely do 
the results obtained by any two methods check satisfactorily. The 
Association of OflScial Agricultural Chemists recommends two meth¬ 
ods (I, p. 342). Both of these were used and the starch content is 
reported as determined by Direct Acid Hydrolysis, A. O. A. C. XXVII, 
31, and by the Diastase Method with Subsequent Acid Hydrolysis, 
A. 0. A. C. XXVII, 32. 

The diastase used in the second method was Diastatic Spray Dried 
Malt No. 25, supplied by Eimer and Amend. This preparation con¬ 
tained 2 percent moisture. An infusion of the malt was prepared as 
needed. For each 80 cc. of malt extract required, 5 gm. of the malt 
powder was stirred for 20 minutes with water at room temperature. 
The extract was filtered and the clear brown infusion was used accord¬ 
ing to the directions given. Blank determinations on the enzyme 
preparations were run at frequent intervals and the experimental data 
corrected accordingly. 


CALCULATION OF RESULTS 

Table 5 shows a typical treatment of data obtained from the analysis 
of a sample of potato by the use of the direct acid hydrolysis method. 
In this case, the weight of the dry sample was 17.7798 gm. 


Table 5. —Sample of analytical data obtained in analysis of potato by the use of 
the direct acid hydrolysis method 


Weight of .saiui)le (grams) 

NasSsOs 

CujO 

Dextrose 

1 Starch 

1 

Total 

1 

! Dry 
weight 

Frt^sh 

weight 

1.6838... 

Ce. 

13.8 

13.9 

13.8 

13.9 
14.4 
14.6 
14.6 
14.6 

Mg. 

149.0 

150.1 

149.0 

150.1 

165.6 

156.6 

157.6 

166.6 

Mg. 

65.40 
65.94 

66.40 
65.94 

68.40 
08.90 
69.34 
68.90 

Mg. 
58.86 
59.35 
58.86 
59.35 
61.66 
62.01 
62.41 
62.01 

Percent 

74.33 

74.95 
74.33 

74.96 

I 74.25 

74.79 

76.27 

74.79 

Percent ‘ 
13.215 
13.325 
13.215 
13.325 
13.201 
13.297 
13.383 
13.297 

1.6683. 



1 Average, 13.283. 


In all cases, an accuracj^ of 0.2 cc. of standard sodium thiosulfate 
was required for the titrations to be accepted, and when calculating 
the averages only those values in which the jpercentage of starch (cal¬ 
culated to the original potato) checked within 0.2 percent were con¬ 
sidered. 
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PRESENTATION AND DISCUSSION OF RESULTS 

COMPARISON OF THE ANALYTICAL METHODS 

There are several methods which have been used to determine 
starch on a quantitative basis and, while these methods may agree 
within themselves, they do not check with each other. Hence, it 
may be assumed that none of the known methods is an absolute 
measure of the starch content of any material. The two methods 
used in this work are accepted as probably the most accurate for 
this type of analysis. Since both methods were used with the same 
samples and under comparable conditions, an opportunity is pre¬ 
sented to compare them. 

The results obtained by the direct acid hydrolysis method were 
always higher than those obtained by the diastase method. In any 
given series of determinations the two sets of data showed the same 
trend—that is, an increase (or decrease) in starch content was re¬ 
flected in the results obtained by both methods—^but the values 
obtained by the two methods for any given sample did ;oti agree. 
In the case of the potatoes, the starch content as determined by acid 
hydrolysis averaged 1.39 percent higher than the values obtained by 
the diastase method. The greatest difference observed was 1.94 
percent, the least was 1.01 percent. With the cold-storage samples 
the range was from 1.12 to 1.49 percent with an average difference of 
1.33 percent. The shed-storage samples showed a range of 1.21 to 
1.59 percent, or an average of 1.43 percent. Considering all samples 
of potatoes the average difference was about 1.4 percent. The 
difference obtained wrien the sweotpotatoes were analyzed was 
noticeably greater, the average being 1.81 percent with a range of 
0.93 to 2.37 percent. 

Differences duo to the method employed were expected since it has 
been generally accepted that the acid hydrolysis method may bring 
about the hydrolysis of substances other than starch while the 
enzyme diastase is thought to be relatively specific for starch. In 
this connection, however, a recent publication by Balch and Phillips 
{2) reports that malt diastase acts on certain nonstarch constituents 
of jplant materials which are usually reported as starch. 

It vras believed, therefore, that further differences between the 
two methods would become apparent if they were used to estimate 
the starch values of pure starch samples. Hence, samples of pure 
starch were prepared fiom the sweetpotato and potato samples, 
analyzed by both methods, and the results compared with the analysis 
of the corresponding potatoes (table 6). 


Table 6.— Data for comparison of the methods of analysis 


Sample 

Staooh (dry-weight basis) 
obtained when analyzed 
by— 

Difference 

Deviation 

Add hy¬ 
drolysis 

Diastase hy¬ 
drolysis 

Sweetpotato No. 13: 

Percent 

Percent 

Percent 

Percent 

Furestaroh... 

86.50 ’ 

81.05 

5.45 1 

6.7 

Sweetpotato sample. 

78.20 

70.64 

7.66 

10.7 

Potato No. 11: 

Pureetarch.| 

79.57 

75.09 

4.48 : 

6.0 

Potato sample. 

76.42 

69.14 

7.28 

10.5 
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Thoso data confirm th(' prevalent opinion that tliere is a real 
(lifierence inhenmt in tlu', two methods of procc’dure. More specif¬ 
ically, thiy indicate that acid promotes more comj)lete hydrolysis of 
starcii than does diastase and that acid is more a(‘-tive than diastase 
in the hydrolysis of substances oth(‘r than stai‘(‘h present in the tissues 
of potatoes and sweetpotatoes. 

It is commordy assuin(‘d that the hydrolysis of starch, by either 
method, produces dextrose whicdi is nu'asurc'd by the j’(*duction of 
Feiiling’s solution. In the case*, however, of incompl(‘t(‘ hydrol^ysis, 
it is probabh' that maltose or some of th(‘ simpler polysaccharides 
would be present. Further, it is possible that und(*r th(' coiiditions 
of the analysis particularly if the n^ducinp; value of the hydrolyzcMl 
product- W(*re not det(*rmin(‘d imm(‘diat(*ly- a r(‘syiithesis of (h'xtrose 
into SOUK' oth(*r disaccharid(‘, or even simple polysaccharide, might 
oc(*ur. All of these substances might be reducing substances but 
tluMi* reducing ind(‘x would certainly be lown*r than that of dextrose. 
Since the diastase nu'thod gave the lower values wluai used on the 
])ure starch sampl(‘S it appears that the carbohydrates pi*t‘sent were 
not all in the form of glucose when the redu(‘tion of the Fehling’s 
solution w'as carried out. Subsecpient to the coinjdetion of these 
expt'rimcMits, Etlu'redge (/7) reported similar r(‘sults with other purci 
standies. Not only did he find that these two methods yield different 
results but- also that there was a lack of consistency with respect to 
which would giv(* th(» larger and which the smallei* starch values. 
In his experiments, the acid hydrolysis method indicated a 2.4 percent 
higher starch value foi* potato starch than did the diastase-acid 
irudhod; this corresponds to a deviation of (>.() i)ercent in tin' pr(*sent 
experiments. 

Aftej* analysis of all the samples had beem conipl(*t(‘(l, rechecks were 
run in certain instances. In all cases it was much easier to duplicate 
former r(‘sults wlum the acid hydrolysis method was used. No 
difficulty was encounk'nMl in obtaining checks within 0.1 percient, 
whih* with the diastase* m<‘thod the best that could bt* obtain(*d was 
0.2 i)ercent. 

Furthermore, when the diastase method is used it is n(*c(‘ssary to 
run a blank determination on the malt extract and correct- the* titra¬ 
tion values accordingly. In each instance* the diastase solutions were 
prepared irv exactly tlie^ same* manner anel a blank was made^ for ev(‘iy 
eight analyse*a. flowTver, it is possibles that slight variations m 
preparing or using the diastase solutions might proeluce a consielerable 
difference in the degree of hydrolysis and it may be that a blank 
shoulel accompany every determination. 

After considering the reasons set forth above, it was concluded that 
the results obtaim^d by the direct acid hy<lrolysis were the more satis¬ 
factory for making comparisons. Therefore, only these data will be 
considered in the remainder of the discussion. 

INFLUENCE OF STORAGE ON STARCH CONTENT OF POTATOES 

The potato storage results obtained in these experiinents (table 7) 
are in general agreement with previous findings pertaining to effects 

558607- 43-3 
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Table 7.— Changes in weight and starch content of Kansas-grown potatoes during a 
6-month period in cold storage and shed storage 

COLD 8TORA()E 


Month 

Weieht of 
solids 

1 

Starch 

Weight lo.ss 
of potatoes 

Solids 
f fresh- 
weight 
basis) 

Rtareh 

(fresh- 

weight 

basis) 

In solids 

I 

1 W'hen ! 
analyzed by 
acid 1 

hydrolysis 

When 
analyzed by 

1 diastase 
hydrolysis 


Grams 

Percent 

Percent 

Percent 

Percent 

(hams 

Percent 

July.- ... 

19.20 

76.41 

14.67 

13.28 


19. 20 

14.67 

Aupiist -. 

IT. 49 

74.34 

13.00 

11.77 

4.4 

16. 75 

12. 43 

Ropternber. 

17. K7 

71.48 

12.86 

11.53 

7.2 

16.82 

12.06 

OctotH'r .-.-.. 

17. 60 

72.29 

12.72 

11.25 

7.8 

16.33 

11.73 

November. j 

16.59 

71.61 

11.93 

10.67 

8.3 

15. 32 

10.93 

Dtwniber. 

15, 86 

69. 39 

11.06 

9. 59 

9.4 

14.49 

10.04 

January_ 

15. 72 

67.56 

10.68 

9.56 

11.1 

14.15 

9. 57 



SHED STORAOK 




July. 

19.20 

76.41 

i 14.67 

13.28 


19.20 

14 67 

August. 

19. 36 

7.5.16 

14. .55 

13.34 

13.4 

17.07 

12.60 

fk'ptember__ 

20.89 

74. 75 

! 1.5.63 

14.17 

22. 9 

17.00 

12.05 

October. 

20. 24 

74. 69 

1.5.11 

13. 56 

30. 2 

15.53 

10.54 

November. 

19. .54 

74.83 

11.66 

13. 24 

32. 1 

14. 62 

9. 73 

December. 

20.44 

74.93 

15.35 1 

13. 86 

34.1 

15.25 

10.12 

January. 

21.20 

7.3.60 

1.5.79 

14.20 

31.6 

15. 74 

10.32 


of temperature and humidity changes on weight losses and on sugar- 
stanch interconversion. The potatoes kept in (cokl storage oveer the 
6-month period showed continuous and relatively gradual weight 
losses; the total los§ was approximately 11 percent. The potatoes 
held in shed storage, which were subjected to radical ciianges in tem¬ 
perature and relative humidity, suffered (continuous losses in weight 
but the rate of loss fell off markedly toward the end of (he storage; 
the total loss was approximately 35 percent. 

It may be shown graphically tiiat changes in starch, alcohol- 
insoluble solids, and starch in solids from cold-storag(c jiotatoes 
follow approximately the same trend although there is some reason 
to b(di(cve that these values have responded to the variable humidity 
of storage. A similar treatment of shed-storage data shows a definite 
correlation between the changes in starch and solids. This relation¬ 
ship is not due, as might be expected, to a similar variation in the 
starch content of the solids, shucc there is little change in the latter 
between the second and fifth months. When starch values are cor¬ 
rected to the original weights of the potatoes, it becomes imdent that 
there is little to choose between cold storage and shed storage, judg¬ 
ing from the over-all losses of starch as determined by analysis; in 
either case, there has been a drop of from 4 to 5 peremt. 

One interesting relationship, more or less incidental to the practical 
aspects of the problem, is that observed between the starch or solids 
content and the water content of shed-storage potatoes as reflected 
by the temperature, or even better by the temperature-relative 
humidity ratio, at the time of sampling. Figure 1 shows graphically 
how changes in starch correspond to sharp changes in this ratio. 

It is believed that this relationship may be explained on the basis 
of a dependence of the tissue-water concentration on environmental 
factors that affect transpiration. Other principal factors which may 
produce an increase in tissue-water concentration are the sugar- 
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starch conversion and respiration. However, the latter changes are 
opposing reactions in the sense that each is dependent upon the sugar 
concentration. It is conceivable that there may be conditions under 
which the relative rates of change in tlio sugar-starch conversion 
and respiration may be such that there is relatively little sugar avail¬ 
able for respiration. In such a case, an appreciable part of the 
water replacing that lost through transpiration would come through 
the conversion of sugar to starch. With subsequent lowering of the 
temperature-relative humidity ratio, the tissue-water concentration 



Fkjure 1.—Changes in the starch content of potatoes and in the temperature- 
relative humidity ratio during shed storage. 

could increase through respiration and, as it docs, permit a propor¬ 
tionate shift from starch to sugar. In such a manneu’, starch could 
increase or decrease with change in the temperature-relative humidity 
ratio. 

The above explanation is supported in some measure by evidence 
recently presented bjr Barker {S) that, in potatoes, sucrose either is or 
determines the respirable substrate. Barker found that, within the 
temperature limits of 1° to 10° C. and excepting high sucrose concen¬ 
trations, curves relating the rate of respiration with the concentra¬ 
tion of extractable sucrose closely resemble those which characterize 
the rate of reaction-substrate concentration of enzymic reactions in 
vitro. Although it must be recognized that higner temperatures 
might alter the form of respiration-substrate curves, presumably be- 
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cause of lower sugur concentrations, it should be manifest that the 
water concentration plays an important part in the balance mechan¬ 
ism existing in plant tissue wdiatcvcr the prevailing conditions may be. 
Accordingly, those environmental factors which may influence' the 
tissue-water concentration may indirectly affect the sugar-starch 
balance in the tissue. 


INFLUENCE OF VARIETY, HARVEST PERIOD, AND SOIL TYPE ON STARCH CONTENT 
OF POTATOES AND SWEETPOTATOES 

The starch content of the various varieties is well illustrated by the 
data obtained on samples 6, 7, and 8 (shown in the middle column of 
table 8). These were samples grown uiuh'r the same conditions, on 
the same soil, and harvested at the regular period. Inspection of 
table 8 shows that the Irish Cobbler had the greatest starch content, 
with Warba next and Bliss Triumph the least. This saim* trc'iid may 
be observed throughout the other samples used. 

Table 8 also shows the effect of the harvest period on starch cont(*nt. 


Table 8 . — Effect of variety and harvest period on starch content of potatoes 


Irish Cobbh^r.. 
Warba 

Bliss Triumph. 


Variety 

Starcih (fresh-weight basis) when harvest 
was— 

Early 

Kogubir 

Laic 

. . 

Percent 

14.(57 

10. m 

Percent 
\h. 41 
13. 5(5 
11. L*) 

Percent 

13.30 
11.82 
0.81 




The starch content is highest at regular harvest, slightly lower at early 
harvest, and still lower at late harvest periods. Apparently, so far as 
starch is concerned, the harvest could be started a week earlier, but 
some loss would result if the harvest were delayed much past the regu¬ 
lar period. If the crop weight loss is considered, however, early har¬ 
vesting becomes as impracticable as late harvesting. Regular harvest 
has the double advantage of maximum starch content and maximum 
crop weight. 

While it is thought that the type of soil and the previous crop are 
factors which wouhl have some effect on the starch content of potatoes, 
the number of samples examined was not sufficient to permit definite 
conclusions to be drawn. It was observed that at regular harvest 
and with potatoes as the previous crop, Irish Cobblers contained 15.19 
percent starch when grown on upland soil, 15.41 percent on fine sandy 
loam, and 13.28 percent on loamy sand. Moreover, regular-harvest 
Irish Cobblers when grown on fine sandy loam contained 14.31 percent 
starch when the previous crop was oats (followed by sweetclover, 
which was a failure), 14.64 percent when the previous crop was alfalfa, 
and 15.41 percent when the previous crop was potatoes. These trends 
would have to be supported by additional evidence before it would be 
safe to draw any generalizations. 

Varietal differences were very noticeable in the samples of sweet- 
potatoes analyzed. In all cases (table 9) the Nancy Hall contained 
the highest percentage of starch and Red Bermuda the least, with 
Little Stem Jersey and Big Stem Jersey intermediate. In this con¬ 
nection, it is worthy of note that the Mississippi Agricultural Experi- 
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nierit Station in 1936 (7, p. 1342) found tho Nancy Hall to contain 
22.0 per cent of starches as compared with the 21.5 percent shown in 
table 9. 

Tablk 9.- . Variety comparison with sweelpoiatoes from different producing areas 

irt Kansas 


V'Hrit*! y 


Nancy Hall-- - - 

Improved Bifi Stem J«TS(’y .. 

Hip Stem Jci.scy.. 

T.ittle Stem Jersey. 

Hed Herniuda . , 


Some variation was observed between the potatoes grown in the 
Kansas and Arkansas River Valleys, but this also could be attributed 
to other factors. 

A slight increase in starch content was observed in the regular- 
jiarvest samples over the early-liarvest samples. Also, as would be 
exjjected, the curing process brought about a decrease in starch 
content (table 10). 

Table 10.— Effect of harvest period and curing ‘ 


Starch in swoetpotatoes 


Variety ! 

! 

1 Karly harvest 

Regular harvest 

j C'Ured 

Nancy Hall.. 

Improved Big Stem Jersey. 

Little Stem Jersey... . _ . _ . 

Percent, 

21.06 

15.21 

Percent 

21..59 
18.69 
16.57 

Percent. 

18.96 

17.83 

15.33 


» All samples from Kansas Kiver Valley. 


Starch (frosh-weight basis) in 
swoetpotatoes from - 


Kan.sas River 
Vail.'y 


Percent 

21.59 


J6.SH 
in. 57 
14. .50 


Arkansas Riv(»r 
Valley 


Percent 

21.49 
19.69 


18. 94 
18.84 
17. 39 


Among the sweetpotato varieties, the Nancy Hall contained the 
most starch and Red Bermuda the least, witli Big Stem Jersey and 
Little Stem Jersey intermediate. 

No important difference was observed between the sweetpotatoes 
grown in the Kansas River Valley and those grown in the Arkansas 
River Valley. 

The regular-harvest sweetpotatoes had a slightly higher starch 
content than the early-harvest sweetpotatoes. 

Curing of sweetpotatoes caused a decrease in starch content. 


SUMMARY AND CONCLUSIONS 

Thirty-six samples—18 of potatoes and 18 of sweetpotatoes- were 
analyzed by the direct acid hydrolysis method and the diastase hydro¬ 
lysis method of the Association of Official Agricultural Chemists. 

Studies on the relative effectiveness of cold storage and shed storage 
for potatoes showed that the decrease in starch was about the same in 
both, namely between 4 and 5 percent. Moisture loss of the shed- 
storage sample amounted to about 35 percent of its original weight as 
compared with a loss of about 11 percent for the cold-atorage sample. 
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Vatictal differences in potatoes indicated the order of starch content 
to be Irish Cobbler, Warba, and Bliss Triumph. 

The starch content of the lato-harvest potatoes was decidedly lower 
than that of either the regular- or the early-harvest potatoes. No 
pronounced difference was observed in these last two groups. When 
the crop weight loss of early-harvest potatoes is considered, it is ob¬ 
vious that a certain stage of maturity must be reached before harvest¬ 
ing begins. 

As to soil types, the sandy loam seemed to be slightly better than 
loamy sand, but the results are not to be regarded as conclusive. 
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EFFECT OF STORAGE CONDITIONS ON THE VIABILITY 
OF TOBACCO SEED ^ 

liy Randall R. Kincaid 

Associate plant pathologist, Florida Agricultural Experiment Station 
INTRODUCTION AND REVIEW OF LITERATURE 

Seed of cigar-wrapper tobacco stored in ordinary rooms in Florida 
for more than 2 or 3 years seldom remains sufficiently viable to plant. 
Farmers who sow seed older than this without testing the germination 
arc often disappointed in the resulting stand and vigor of the seedlings. 
Likewise, in Puerto Rico, ‘‘the Tobacco Institute does not recommend 
the use of tobacco seed ah(*r the second year.’’ ^ 

On the other hand, tobacco s(*ed has been reported to retain its 
viability for much longer periods in cokhu' climates. eTohnson, 
Murwin, and Ogden reported that in Wisconsin, “s(*ed that was 
originally of good germinating capacity may be quite satisfactory 
for c-ommiTcial purposes when 10 years old.” It is reported {2) that 
in Ck)nnecticut, “high testing seed in general shows very little diminu¬ 
tion in germinative capacity up to 5 years; after that the percentage 
usually falls gradually, although occasionally there is excellent germi¬ 
nation at 10 years.” 

Shamel and Cob(‘y (7) stated that “thoroughly dry seed may be 
shelled and stored in glass vials or bottles with perfect safety, and can 
be kept almost indefinitely in this way; the fully matured and dry 
tobacco seed will retain its viability when kept (fry for 10 years, or, 
as has been observed in sev(‘ral cases, a much longer time.” 

Chirkovskil {!) reported that optimum storage conditions for 
tobacco se(Hl are low tcunperature, but abov(‘ freezing, and low relative 
humidity. 

Poptzoff (6‘) found that the higher the storage temperature used for 
tobacco seed, the lower must be the relative humidity. He further 
claims that th(*re is no such thing as a lower limit of relative humidity, 
for the lower it is, the greater the certainty of conserving the quality 
of the seed. 

EXPERIMENTAL WORK 

An ('xperiimuit to det(»miine some of the factors affecting the lon¬ 
gevity of tobacco seed in storage was started at Quincy, Fla. in August 
1931 with freshly harvested seed of a cigar-wrapper variety, No. 301. 
The original moisture content of the seed was estimated by drying to 
constant weight at 102® C. 

Three series of tests were conducted, as follows: 

1. vSeed was stored in small vials enclosed in 4-ounee screw-cap 
glass jars over various chemicals, which kept the relative humidity of 
the air fairly constant at values determined from chemical reference 
works. The chcmiicals used were anhydrous calcium chloride (CaCh), 
Rochelle salt (KNaC^iOe. 4 H 2 O), ferrous sulfate (FeS 04 . TILO), a 
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saturated solution of ammonium nitrate (NH4NO.3) with an excess of 
the salt, and water. 

2, Seed was ston'd in rubber-stoppered vials after the moisture con¬ 
tent, originally about 9 percent, had been adjusted to various per¬ 
centages by placing samples in a moist chamber or a desiccator for 
various lengths of time. No attempt was made to restore the moisture 
content to its original value each year when the vials were opened 
for sampling. 

3. Seed with the original moisture content was stored in rubber- 
stoppered vials, paper envelopes, and cloth bags, and kept in various 
locations, as follows: Refrigerator, electric, fairly constant at 5° C.; 
basement room, unheated; laboratory, intermittently heated in winter; 
and an attic, cold in winter and extrem(‘ly hot in summer. 

No attempt was made to control the amount of light received by 
the S('t‘d during storag(‘. All containers were exposed to diffusc'd day¬ 
light at least part of the tinu'. 

In October 1932 and at intervals of about a year thereaftfT, each 
lot of seed in storage was poured out, mixed, and sampled for the 
germination test. Any desiccants which appeared to have (h^teriorated 
were renewed, and the seeds were returned to storage'. 

Tests were made on triplicate samples of 100 seeds each, in Petri 
dishes on two sheets of wet filter paper. The light requirement for 
th(' germination of these seeds at constant temperature {5) was satis¬ 
fied by opening the incubator nearly <'very day. Th<^ testing pro¬ 
cedure provided favorable conditions for germination, as shown 
by the fact that every year some tests averaged 80 percent or more. 
At convenient intc'rvals of a few days, sec'dlings W('re counted and 
removed from the diaiies, until further incubation of a ft'w days gave 
little or no further germination. The averages of triplicate germina¬ 
tion tests for each of the 11 years of the experiment to date are given 
in table 1. 

Seeds stored in the refrigerator over the three salts, calcium chloride, 
Rochelle salt, and ferrous sulfate, retained their viability for 11 years. 
Those stored over a saturated solution cf ammonium nitrate (leteri- 
orated considerably, and those stored over water were all dead at the 
end of 1 year. 

Seeds stored in either the basement, laboratory, or attic over calcium 
chloride retained their viability for 11 years. Those stored over the 
other salts or the salt solution were all dead after from 2 to 5 years, 
and those stored over water were all dead at the end of 1 year 

Seeds stored in stoppered vials with an original moisture content 
of 5.3 percent or less showed a small percentage of germination after 
8 years; they would probably have remained viable much longer if 
the original moisture content had been restored at suitable intervals. 
With each increment in original moisture content the survival period 
decreased, until at 10.7 percent moisture, nearly all the seeds were 
dead after 1 year. 

Seeds stored in stoppered vials, paper envelopes, or cloth bags kept 
well in the refrigerator, but in the other three locations all or nearly 
all were dead after 3 years. 

Samples from each of the nine lots of seed which germinated 79 
percent or more after 10 years in storage were sowed in an ordinary 
outdoor plant bed in 1942. The stand and growth appeared just as 
good as were obtained with fresh seed of the same variety. 
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Table 1 . —Germination of tobacco seed after storage under various conditions and 

for various periods 
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Germination after number of years indicaUsd 
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Over chemicals: 
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Pet. 

Pet. 

Pet. 
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Pet. 

Pet. 
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1 
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> EstiiiiHtorl from valuos found for (]oS 04 . 7 UjO. 
* Saturated solution. 


It is planned to continue the experiment at least as long as any 
of th(*. samples keep satisfactory viability. 

DISCUSSION 

Practical methods for storing tobacco seed for 11 years, perliaps 
much longer, are suggested by the results of this experiment. 

Ordinary desiccators containing calcium chloride, or probably any 
other good desiccant, may be used. A desiccator can be improvised 
from any tight container of glass or metal, using anhydrous (^alcium 
chloride and a false bottom to support the seed. Drying the seed 
in a desiccator and then storing it in a tight container would prob¬ 
ably be satisfactory. 

Storage in an electric refrigerator at a temperature a few degrees 
above freezing, with the seed enclosed in ordinary containers, gave 
as good results as dry storage at any temperature tested. Storage in 
an ice refrigerator would probably not be as satisfactory, because of 
the higher humidity and usually higher temperature. 

Farmers who produce a supply of tobacco seed sufficient for several 
years may preserve it for many years by suitable storage. Such a 
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supply of seed may be valued more highly after one or more satis¬ 
factory crops have been produced from it. The importance of being 
able to preserve experimental lots of tobacco seed for long periods 
need not bo discussed here. 

Several samples, especially those stored in the refrigerator, showed 
a decline in germination test during the first 3 years in storage, and 
afterwards returned to a high test. Similar results have becui reported 
by Goodspeed (5) and by Johnson, Murwin, and Ogden (4). No 
explanation can be offered, but it seems improbable that this kind of 
result was due to the conditions of the germination tests, because 
every year some of the tests averaged 80 percent or more. Another 
storage experiment has been started, in which this phenomenon will 
be given special attention. 

SUMMARY 

Cigar-wrapper tobacco seed of the 1931 crop was placinl in 
storage at Quincy, Fla., immediately aft(‘r harvest (1) in closed 
containers over various chemicals, (2) in rubber-stopp(u*ed vials with 
the moisture content of the seed adjusted and determined, and (3) in 
various containers. Test lots were kept in different locations, as 
follows: Refrigerator at about 5*^ C., basement, laboratory, and attic. 

After 11 years, seed stored over calcium cldoride in each location, 
and seed stored in various ways in the refrigerator, germinattMl well 
in the laboratory. Samples which tested 79 percent or mor(‘ after 
10 years also germinated well in an ordinary outdoor plant bed. 

Seed stored in rubber-stoppered vials with an original moist ure con¬ 
tent of 5.3 percent or less showed a small perc(‘ntage of germination 
after 8 years. 

Samples stored in oWinary containers in tlu*. laboratory were all or 
nearly all dead after 3 years. 

Practical applications of dry or cold storage to commercial and 
experimental lots of tobacco seed are suggested. 
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THE EXCRETION OF ARSENIC BY THE MALPIGHIAN 
TUBES OF GALLERIA MELLONELLA, TENEBRIO MOLI- 
TOR, AND RHODOPHORA FLORIDA^ 

By Robert L. Patton 

Instructor in insect physiologj/, Department of Entomology, New York {Cornell) 
Agricultural Experiment Station 

INTRODUCTION 

Tbo woi'k lien'iii presented formed part of a program of research 
dealing with th(*> physiological factors in insect control with insecti¬ 
cidal materials. The ultimate goal of this program is the determina¬ 
tion and estimation of basic physiological factors and the improve¬ 
ment of control practice according to the factors involved. As a 
starting point the elimination of arsenioiis ion by the organs of 
exendion was investigated. The rates of absorption of a solution of 
sodium arsenite of lethal concentration in normal saline were deter¬ 
mined and the etfects of the arsenioiis ion upon the activity of certain 
enzyme syst(*ms w(u*e assayed. 

The spi'cific purpose of the investigation was to estimate the part 
jilayed by the excretory system of insists of different degrees of sus¬ 
ceptibility in the elimination of arsenic. 

PREVIOUS WORK 

Several attempts have been made to determine how arsenic acts on 
insects and why some insects are resistant to it. Fink {3)'^ measured 
the respiratory rates and the respiratory quotients of potato beetles 
and wireworms which had been fed various arsenicals, and found that 
in general the oxygen intake was reduced and the respiratory quotient 
was increased. Following this study Fink (^) determined the effects 
of arsenic upon the glutathione content of a series of insects. He 
found the content i^^Iuced with arsenic poisoning, but observed that 
in Malacosoma americana^ his most resistant species, the initial gluta¬ 
thione content was tlu? lowest. In a third series of investigations, 
Fink (J) studied the activities of arsenic upon amylase, lactase, 
maltase, invertase, lipase, and protease from potato beetles. No sigrii- 
ficant effects were observed in the presence of paris green and lead 
arsenate. Parfentjev and Devrient [9) observed no significant 
changes in the respiratory quotient of cockroaches poisoned with 
arsenic, and the respiration of tissues (muscle, iitidgut, and nerve 
tissue) dipped in a solution containing a lethal concentration of arsenic 
showed no significant reduction. Voskresenskaya {12) described 
the effects of sodium arsenite upon the rate of passage of food through 
the alimentary canal, its periodic concentration within the tissues of 
the insect, and the effects of arsenic upon the anterior sphincter of 
the midgut . She concluded that resistance depends largely upon the 

* ^9** publication November 1!. 1942. 
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abiJity of the insect to regurgitate the dose that has been taken in 
with the food and to maintain a constant relation between the rate of 
absorption and the rate of elimination of the material from the blood. 

MATERIALS AND METHODS 

Three species of insects were used in this study, namely, last instar 
larvae of Galleria mellonella L.; late instar larvae of Tenebrio molitor 
L., both of these from laboratoiy cultures; and last instar larvae of 
Rhodophora Jlorida Gn., a noctuid collected from its host plant, the 
evening primrose. 

The median lethal dose (M. L. D.) of the arsenious ion was deter¬ 
mined for Galleria mellonella and Tenebrio molitor by buccal injection 
of measured doses. The solution used was prepared from r(*agent 
grade (Baker's) arsenious oxide and sodium hydroxide. The pll of 
the final product was adjusted to neutrality. The sigmoid mortality 
curve derived from these measurements w^as rectified by the mi^thod 
of probits described by Bliss {!). Unfavorable weather conditions 
prevented the collection of sufficient numbers of Rhodophora florida 
to make possible the construction of mortality curves. 

The rate-of-absorption measurements were made by the method 
described by Patton and Craig {10). In order to eliminate the factor 
of individual variation, two absorption gages wcu’c used simultaneously 
with each insect, one containing nonnal saline and a loop of Mal- 
I)ighian tube and the other containing a symmetrical loop from the 
same larva and a saline made 0.01 N with sodium arseniU'.® The 
normal saline was prepared in a stock solution by dissolving 1.95 
gm. of NaCl, 1.52 ipm. of KCl, and 1.00 gm. of CaCh in distilled 
water and making up to a volume of 100 ml. at 20° C. The pH was 
adjusted to neutrality by adding sodium bicarbonate or hydrochloric 
acid. This stock solution was adjusted to an osmotic pressure nearly 
corresponding to that of the normal blood of the insect under investiga¬ 
tion, The osmotic pressure values were determined by the capillary 
method of Halket (6‘) for the lepidopterous larvae and the values were 
taken from previous work (Patton and Craig {10)) for the mealworm. 
The osmotic pressure of the saline was adjusted by dilution from a 
curve prepared by determining the freezing-point depression of several 
known dilutions of the stock saline. 

Data on selective absorption were obtained by measuring the elec¬ 
trical conductivity of the solution in the bulb of the gage at regular 
intervals over a period of 24 hours. Measurements were made by 
means of a conductivity bridge. 

The recovery of arsenic in the hind-gut was determined by inserting 
a short section of No. 20 white cotton thread incased in a finely drawn 
glass tube into the hind-gut through the anal opening of the insect 
during an absorption measurement. Analysis was subsequently 
made on the thread by a micro Gutzeit method essentially the same as 
that of Howe { 8 ). 

Estimation of the presence of certain of the respiratory enzyme 
svstctfiS Cmonophenol, polyphenol, and indophenol oxidase, perojfi^ 
dase, and glutathione), and of the autolytic activity of a protease i?i^a8 

3 This constitutes u calculated lethal concentration based upon figures published by Yeager and Tauber 
<18) on the blood volume of Pertpkineta fulijjfinosa, and by Fay (JB) on lethal arsenic oont ciPtl i t toa of 
P. amerfeana. 
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made by using well-known colorimetric tests such as are enumerated 
by Hawk and Bergeim (7). The protease activity of the tissues com¬ 
prising the tubes was estimated from the free amino acid content of 
an incubatted brei by the Danielson modification of the metliod of 
Foliii (Hawk and Bergeim (7)). 

RESULTS 

As a rc'sult of a series of measurements of the rates of alisorption, 
it was demonstrated that in all species upon which observations were 
made, arsenic was readily takcm up by the Malpighian tubes. Jn 
Galleria mellonella^ the more susceptible species (M. L. D. = 97 
(0.009 mg.) As +++ per gram live widght), it was possible to show a 
slight d(‘cn‘ase in rat(‘ of absorption in the presence of arsenic. When 
tlu'se data wei'e evaluated statistically by the method of individual 
comparison according to Snedecor (ff), the Z chart test showed that 
the significance of the reduction in rat(* was barely within the 5 per¬ 
cent l(*vel. (Mean difference^0.042, standard deviation--0.149, 
and the numlxu’ of })airs~48.) Significance could not be (‘stablished 
between differences found in the rates of absorption of normal and 
arsenic-b(‘aring saline with either Tenebrio rnolitor or Rhodophora 
florida. (M. L. 1). for T. rnolitor—\2y (0.012 mg.) As per gram; 
for R. florida the M. L. D. was undetennined but is known to have 
been less than 157 (0.015 mg.) As per gram.) 

The (jualitative survey of the (effects of arsenic upon respiratory 
enzyme activity showed no appreciable change in the activity of the 
enzynu's dcunonstrated to be pr(‘sent in the normal Malpighian tissues. 
No monophenol oxidase, polyphenol oxidase', or glutathione could 
be demonstrated in any case. The' prese'iice of arseaiic appeared to 
have no effect upon tln^ activity of indophenol oxidase', which gave a 
weak test witli Nadi ^ reagent in beith trelated and untreated sample's, 
or upon the activity of the pe'roxidase pre'seait. 

A comparison of the re'lative concentrations of free amino acid in 
salines containing nearly equivalent amounts of Mali)ighian tissue was 
made* afte'r an incubation period of 3 hours. The tubes of Galleria 
mellonella and Tenebrio rnolitor showed nearly equal concentrations 
of free amino acids in both samples. Apparently protein autolysis 
is not significantly inhibited by tlie presence of As 

That the absorption of arsenic by the tubes is not sedectivc in 
Galleria mdlonella and Tenebrio rnolitor was demonstrate'd by the fact 
that the electrical conductivity of the saline bathing the' tubes was 
unchanged over a period of 24 hours. During this time an average 
total volume of 4.9X (cubic millimeters) of solution was absorbed. 

Analysis of the threads which had been inserted into the hind-gut 
of the larvae of Galleria mellonella showed an average recove^ of 
38 percent of the (calculated) arsenic absorbed by the tubes. Diffi¬ 
culty in collecting the samples made quantitative recovery impossible. 
Anatomical differences precluded comparable measurements with 
Tenebrio rnolitor. 

^ DISCUSSION 

The results of the foregoing experiments demonstrate that the 
Malpighian tubes of all three species of insects used in this study 

jj^J^QuaLluantitles of 1 percent alpha naphthol (In 96 percent alcohol) and 1 percent paraphonylenedia- 
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were able to filter the body fluid of the insect and remove soluble salts 
by a process comparable to the action of vertebrate glomeruli. They 
also demonstrate that the presence of arsenious ion in a concentration 
which approximates the lethal concentration has no significant effect 
upon the ability of the tubes to function in the process of filtration. 
A lethal dose of arsenic administered buccally to a series of mealworms 
which were subsequently dissected and the rates of absorption of 
normal saline determined caused no significant change of rate. 

From these data it is apparent that the Malpighian tubes play a 
definite role in the removal of arsenic from the blood stream of insects 
poisoned by the ingestion of arsenic-bearing insecticides. There is no 
significant relation between the susceptibility of the insect and the 
effects of arsenic upon the tubes. 

SUMMARY 

The rates of absorption of arsenious ion by the Malpighian tubes of 
three species of insects —Galleria mellonella, Tenehrio molitor, and 
Rhodophora flonda —were determined and compared. G. mellonella^ 
the species most susceptible to arsenic poisoning, showed a reduction 
in the rate of absorption in the presence of arsenic but the reduction 
was of indeterminate significance. The other two specie's showed no 
significant difference. None of the enzyme systems estimated were 
affected. 

From the measurements made, it is apparent that the Malpighian 
system of insects plays a definite role in the elimination of arsenic 
from the blood; however, the data give no indication that the function 
of these organs is the important factor in the relative susceptibility of 
insects to arsenic poisoning. 
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SEASONAL DEVELOPMENT IN THE NURSERY OF DAMP¬ 
ING-OFF OF RED PINE SEEDLINGS CAUSED BY PYTH- 
lUM AND RHIZOCTONIAi* 

By L. F. Roth, formerly research assistant, and A. J. Rikkr, professor, Department 
of Plant Pathology, Wisconsin Agricultural Experiment Station * 

INTRODUCTION 

A detailed study of the weather and certain soil conditions in rela- 
tion to damping-off of red pine seedlings in Wisconsin forest nurseries 
has been undertaken. The present paper is the third of a series on the 
damping-off of red pine seedlings by Pythium and Rkizoctonia, In tin* 
first paper (6?) ® the causal agents were shown to be Pythium irregulare 
Buisman and Rkizoctonia solani Ktilm and their distribution, symp¬ 
toms caused, and life histories were presented; in the second paper (7) 
the influence of controlled temperature, moisture, and soil reaction 
was described. Several interacting factors have operated at various 
(im(‘s and in different places to favor or to inhibit damping-off in the 
nursery. The study here reported attempts to clarify the outcome 
when all these factoi-s act freely together in nature. 

The reaction of the soil has appeared to be a very important influenc¬ 
ing factor. Hartley {3) has observed that in tlip nursery severe 
damping-off was highly correlated with neutral or only slightly acid 
soils. Damping-off was not serious on acid soils where the pH was 
less than 6. Roth and Riker (7) have rc'ported that damping-off is 
somewhat diminished in the greenliouse in soils of about pH 5 but 
that deviation from tliis reaction in either direction may increase the 
severity of attack where both Pythium and Rkizoctonia are the 
causal fungi. 

High soil moisture and air humidity, it is commonly assumed, favor 
damping-off. This view was partly upheld hj Hansen et al. {2), who 
studied damping-off in seedbeds receiving different amounts of water. 
They found that, in general, but not always, heavy watering increased 
the amount of damping-off. C. Roth (5) considered wet soil and high 
air humidity favorable to damping-off by RAisocionm during periods of 
hot weather. However, Hartley {3) observed that in a Nebraska 
nursery damping-off decreased after heavy rains and did not increase 
again until soil moisture had gone down. Roth and Riker (7) found 
that various damping-off fungi responded differently in the greenhouse 
to soil moisture, Pydiium thriving in wet soil and Rkizoctonia causing 
greater losses in somewhat drier soils and at saturated air humidity. 

That high temperatures favor damping-off was pointed out by 
Jones (4), Hartley (3), and C. Roth (5). Hartley and C. Roth inter- 
preted thei r data by placing the values for total aamping-off at differ- 

J Revived for publication June 29jl942. 
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ent intervals after emergence in juxtaposition to meteorological records 
obtained during the same period. Hartley counted dampcd-off 
seedlings twice daily in naturally infested beds, but in presenting liis 
data he made no statement regarding the kinds of damping-off fungi 
present. C. Rothes (5) studies were made on beds inoculated with 
PythiuWf Fusariuniy and Corticium {Rhizoctonia), but his discussion 
of results mentioned only Corticium damping-off. In greenhouse^ 
studies in soils inoculated with Pythium and Rhizoctonia, Roth and 
Riker (7) found that w^aim temperatures favored damping-off by both 
fungi. When the soil was wotj Rhizoctonia was strongly inhibited by 
cool temperature's while Pythium continued to cause stwere losses. 

Clarifying the effect of environmental factors on disease develop- 
ment involves several conside^rations: (1) Temperature and moisture 
often vaiy simultaneously, to complicate results. Field plots can 
seldom be controlled to the* point where an effect may be attributed to 
a single variable. (2) The reaction of the soil influences the actjvity 
of the causal fungi, predominating in soil more acid than 

approximately pH 5.8 and Pythium in that less acid. (3) The identity 
of the active dumpijig-off fungi must be kiiowm since the various causal 
agents differ (J, 6) in their response to environment. Information 
that has been obtained where one organism is acting cannot be applied 
where the loss is caused by a different organism, (4) Age of tlu* host 
plant strongly affects its susceptibility (^), prohibiting direct com¬ 
parison of the results of one count with those of a subsequent count of 
the same stand. (5) Age differences infliu'iice the time required for 
symptom development. {S). Thus, in older seedlings when counts are 
made at frequent intervals, the effect of an attack one day may not 
appear until a day. or more later. (6) Various host plants differ in 
susceptibility (5, 9) while various strains of the fungi differ in patho¬ 
genicity (5, 6), Results obtained with a particular host and parasite 
must, therefore, be applied with reservation to a different disease* 
situation. 

With these various consith'rations in mind the writers have examined 
the seasonal expression of damping-off in a nursery in central Wisconsin 
and have interpreted the relative importance of the different interac¬ 
tive influences involved. It appeared that a clarification of interact¬ 
ing environmental factors might help explain the variation in th(* 
occurrence of damping-off and in results secured with different con¬ 
trol measures from year to year in the same nurseiy and from nurs¬ 
ery to nursery during the same year. 

1938 EXPERIMENTS 

MATERIALS AND METHODS 

The experimental area was a uniform nursery block, provided with 
overhead irrigation and located some distance from roads or wind¬ 
breaks. It had been reclaimed from an abandoned field in 1932 and 
seeded to white pine in 1933. Damping-off in this first planting was 
so severe that the area was subsequently used only for transplanting. 
The soil was Plainfield sand of uniform structure and low but uni¬ 
form fertility. The reaction w^as pH 5.5, 

Sixteen standard 4- by 12-foot seedbeds were placed in a rectangle 
with 4 beds to a side. Each bed accommodated five 2- by 4-foot ex- 
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perinieiital plots having 6-iuch separations between plots. This 
arrangement allowed 4 replications of 20 treatments (seeding dates). 
The replications, each consisting of 1 row of 4 beds, were placed shle 
by side, and the 20 plots within each replication were completidy 
randomized. Each bed was covered with a bird- and rodent-proof 
frame providing half shade*. 

The soil of each 2- by 4-foot plot was uniformly inoculated by 
thoroughly mixing into the upper 3 inches one-third quart of a corn 
meal and sand culture of Ilhizoctonia (F-5) and a similar amount of 
Pythium (F-lll-A), described earlier {6). The plots were seeded 5 
days after inoculation. 

Seed employ(id in 1938 and 1939 was from a uiiifonn, locally pro¬ 
duced lot of red pine (WR-17). It germinated 91.3 percent in a bed 
of sterile sand adjacent to the experimental plots. 

Complications arising from age differences of the host were reduced 
by providing throughout the summer a population of seedlings of uni¬ 
form age. This supply was obtained by seeding a new set of four 
plots (one in each replication) every 5 days. 

Approximately 1,450 seeds were planted in each plot consisting of 
twelve 4-foot drills. The 2 outer drills and 3 inches of the ends of 
the 10 inner drills were omitted from counts to avoid marginal effect. 
Counts were taken on 20 feet chosen by marking 2 linear feet from 
alternates ends of each of the 10 inner drills of the plots and included 
about 550 viable seeds. 

Meteorological records were made at the plots throughout the 
summer. Instruments used were a standard drum-recording hygro- 
thermograph and a drum-recording soil thermograph with the bulb 
buried ono-(uiarier inch in one of the experimental plots. Rainfall 
and water tiirown by the overhead sprinklers were measured with 
a standard rain gage. The moisture content of the uppermost inch 
of soil was measured daily at 8 a. in. in three composite samples 
taken at random from the experimental area. The soil reaction was 
measured periodically on composite samples with the quiiihydrone 
electrode. Occasional samples were also tested with a glass electrode 
to check the efficiency of the other instrument. 

The experiment was so designed that seedlings in the four plots 
of the first seeding were counted 5 days after emergence and, there¬ 
after, at 5-day intervals until six counts had been made. The 
seedlings had then passed their age of practical susceptibility. Tiie 
second and later seedlings were treated in like manner throughout 
the summer. Thus a succession of damping-off and survival counts 
was provided of seedlings comparable in age but variously affected 
by environment. Preemergence damping-off has been omitted from 
the records of results. A series of estimates indicated that in the 
field preemergence damping-off had approximately the same ratio 
to postemorgence damping-off* as under similar but controlled condi¬ 
tions in the greenhouse (7). 

A representative sample of damped-off seedlings was collected on 
each counting date from the plots of each age group. A section of 
the hypocotyl from each seedling was plated and the causal fungus 
determined. The numbers of seedlings plating Pythium and Rhizoc-- 
tonia^ respectively, were recorded. The causal fungi could be con¬ 
sistently isolated only from seedlings damped off 1 to 3 days preceding 
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Figure 1.—Damping-oflF of red pine caused, respectively, by Pythium and Rhiz- 
octonia during the summer of 1938 in inoculated field plots on Plainfield sand 
with a pH of 5.6: -4, Damping-oif for consecutive 6-day periods in percent of 
seedlings exposed, and percent of this total loss caused, respectively, bv Pythium 
and Rhtzocionia; B, mean daily air and soil temperatures; C, total daily precipi¬ 
tation, including water thrown by Skinner irrigation, and mean daily humidity 
in percent; B, daily soil moisture at 8 a. m. expressed as percent of the oven-dry 
weight of the soil. 
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the count. Therefore, while the ^^total” columns in the graphic 
presentation of the data (fig. 1) represent all seedlings damped-off 
during the S-daj^ period, those in the Pythium and Rhizoctonia columns 
were secured chiefly from seedlings attacked during the 3 days imme¬ 
diately preceding the count. 

EXPERIMENTAL RESULTS 

The records of the 1938 studies have been summarized and are 
presented in graphic form in figure 1. The amount of damping-off 
is given in the uppermost portion (A) while records of temperature 
(B) and moisture {C and D) appear below in juxtaposition for easy 
comparison. The amount of damping-off during 5-day intervals is 
given as the percent of the total number of seedlings in all age classes. 
Thus on July 9 it appears that, since July 4,4 percent of all the seedlings 
in six different age classes (0 to 5, 5 to 10, 10 to 15, 15 to 20, 20 to 
25, and 25 to 30 days after emergence) damped-off. Of this 4-percent 
loss, 80 percent was caused by Rhizoctonia and 20 percent by Pythium. 

Slight variation in age classes appeared in the first two records. On 
June 9 the only seedlings recorded were those from classes 0 to 5, 5 to 
10, and 10 to 15 days after emergence. On June 14, only seecllings 
from the five age classes 0 to 5, * * *, 20 to 25 days were in¬ 

cluded. On Juno 19 and all subsequent dates seedlings from the six 
age classes 0 to 5, * * * , and 25 to 30 days were included. There 

was no record for August 23 of the kind of fungi responsible for 
damping-off. 

In general, damping-off increased throughout the summer with 
rising temperature. A broad survey of the season shows that the sum 
of damping-off losses recorded for all counting dates in June, each 
representing total damping-off in all age classes, was approximately 
11 percent; in July, 17 percent; and in August, 29 percent. The 
mean temperatures for the 3 months, respectively, were 67°, 71°, and 
73° F. However, there were occasional conflicting fluctuations within 
the various 5-day periods, such as the decline in amount of disease near 
the end of July. This decline accompanied and was probably condi¬ 
tioned by cooler weather and d^er soil. 

On relative losses caused by Pythium and Rhizoctonia the influence 
of temperature and soil moisture was conspicuous. For the season 
as a whole 54 percent of the total loss was caused by Pythium and 46 
percent by Rhizoctonia. The two organisms were not, however, 
equally destructive at all times throughout the season, Rhizoctonia 
being the more important after emergence during the spring and 
Pythium during the summer. For the months of June, July, and 
August Rhizoctonia caused 79, 50, and 4 percent, respectively, of the 
total loss; Pythium 21, 50, and 96 percent. Since temperatures in¬ 
creased from month to month, the figures suggest correlations between 
warm temperature and Pythium damping-off after emergence, cooler 
temperature and Rhizoctonia damping-off. The almost complete 
disappearance of Rhizoctonia during and after the hot, dry August 
weather is conspicuous. Since it operates almost entirely near the 
surface of the soil, the question arises whether the sun may have had 
a partially sterilizing effect on the soil surface. Pythium commonly 
operates at lower levels. 
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A set of means computed for the temperature throughout the season 
showed that here somewhat raised temperatures favor Pythium over 
Rhizoctonia. (^e fig. 1, June 24, July 4, July 24, August 3, and 
August 18.) The range of temperatures, however, was not great— 
from 74® to 69® F. 

Several inconsistencies, nevertheless, did occur. There were severe 
Pythium losses during periods of moderately cool temperature on 
August 8 and 13, and attacks by Rhizoctonia diverged even more from 
the general correlations of temperature and Joss. Severe Rhizoctonia 
losses on July 9 and 19 followed periods of warm temperature while 
those on June 9, 19, and 29 occurred during cool periods. 

Although temperature appeared generally to affect the ratio of 
Pythium to Rhizoctonia damping-off, the results for soil moisture were 
more evident and more consistent. The influence of soil moisture 
on the relative activity of Pi/fAmm and Rhizoctonia was moiy. clearly 
shown by examination of figures for the individual 5-day periods than 
by comparison of the monthly records. As explained earlier, isola¬ 
tions were made from seedlings damped-off only 1 to 3 days before 
collection. Thus, the material used for isolations July 19 came from 
plants damped-off during the dry period of July 17, 18, and 19. In 
this and most other cases (August 3 being a striking exception) 
Rhizoctonia predominated after relatively dry periods and P'^kium 
after relatively moist periods. The severe attack by Pythium. in 
dry soil on August 3 probably occurred because of the warm tempera¬ 
ture during the preceding 3 days. For the seven 5-day periods (iso¬ 
lation periods) during which Phythium loss exceeded Rizoctonia (fig. 
1), the mean soil moisture was 7.2 percent; when Rhizoctonia pre¬ 
dominated, it was ordy 5.4 percent. 

The 1938 results suggested that wdiile temperature may affect the 
relative importance of the two fungi, it has a greater influence on 
total damping-off. Soil moisture, on the other hand, affected more 
strongly the relative losses caused by the two fungi than it did the 
total loss. The air-humidity curve in this experiment so closely 
paralleled that for soil moisture that its influence upon damping-off 
could not be distinguished. 

1939 EXPERIMENTS 

The 1938 studies were followed during the summer of 1939 by 
experiments designed to check more closely on various important 
points. Improvements made in the 1939 investigations over those 
in 1938 consisted chiefly (1) of shortening the interval between con¬ 
secutive counts; (2) of increasing the number of plots so that larger 
samples of damped-off seedlings would be available for plating and 
determining the ratio of Pythium to Rhizoctonia] (3) of maintaining 
a high soil-moisture content in one of two series of plots to clarify 
temperature and moisture effects; and (4) of providing plots with 
different soil reactions. 


MATERIALS AND METHODS 

The 1939 experiment was conducted on the site used in 1938. 
Forty 4- by 12-foot seedbeds were placed in 10 rows of 4 beds each 
between the overhead pipe lines. There were 5 replications and 20 
experimental plots, measuring 4 by 4)^ feet, that were randomized 



Dec. 1,1943 


Seasonal Development oj Damping-ojff 


423 


within each r^lication. As in the 1938 experiments, these plots 
represented different seeding dates. However, in 1939 a split-plot 
design was used in which one-half of each plot was hand-watered 
daily and the other half given only normal water from rain or the 
overhead sprinklers. The “normaP’ half sections were thus identical 
with the full plots of the 1938 experiment. Inoculation, seeding, 
and counting of postemergence damping-off were done as in 1938. 
Similarity of treatment made possible direct comparisons between 
normal plots during the two seasons as well as between watered and 
normal plots in the 1939 season. 

The watered half-plots were sprinkled daily between 2 and 4 p. m., 
except on a day of heavy rain or the day following. Water to the 
equivalent of about 0.2 inch was uniformly applied to each plot. 

In taking disease data, figurt^s representing total damping-off and 
survival, with the plating results from seedlings collected at the dif¬ 
ferent counts, were tabulated as in 1938. Inoculation, seeding, and 
counting were repeated at 3-day rather than 5-day intervals. Conse¬ 
quently, before the seedlings in any set of plots had stood the 30 clays 
required for r(‘lativ(' immunity, tlu\y had been counted 10 rather than 
G times. 

The weather records in 1939 were kept differently from those shown 
in figure 1, where the 5-day sums for damping-off were placed parallel 
to th(' mean daily weath(‘r records. In the 1939 experiments the mean 
3-day weatlier records were calculated and placi^l opposite the 3-day 
values for damping-off. Each point on the wt^ather curves in figure 2, 
therefore, represcuits th(^ mean of the 3-day period indicated. The 
bar graphs for rainfall, liowever, show th(» totals for the 3-day periods. 

Tlie reaction of the soil of the experimental area was changed from 
about pH 5.5 to 7,0 by thorough mixture of lime with the soil at the 
rate of 1 ton per acre the fall bc'fore seeding. As the season progressed, 
the acidity driftc'd to about pH 6.3. This treatment was performed 
to iiKTcase the sc'veritv of dis(*ase in accord with the opinion of various 
writers (1, 3, 5, 8) that damping-off is favored by neutral or onlyv 
slightly acid soils. The results appear in figure* 2. During the latter 
part of July, 1939, an additional comi)anion experiment was set up 
on soil adjacent to the limed plot. The soil had a reaction of pH 5.5, 
similar to that employed in 1938. The size and treatments were 
identical with those of the normal halves of the limed plots. Com¬ 
parisons showed which of the differences observed between the 1938 
and 1939 results were attributable to change in soil redaction and which 
to seasonal differences. The results are given in figure 3, where the 
dates and damping-off results at pH 6.3 are the same as those on the 
right side of figure 2. The corresponding weather data are not re¬ 
peated, and only the curve for Rhizoctonia damping-off is shown. 
The Pythium loss would be represented by a “mirror image” of this 
curve like that in figure 2, A. 

EXPERIMENTAL RESULTS 

Seasonal Trends 

Certain broad seasonal trends will be considered before examining 
detailed results as influenced by fluctuations in weather. Total 
damping-off in the normal plots did not differ significantly for the two 
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Figure 2. —Damping-off of red pine caused, respectively, by Pyihium and Rhizoc-^ 
tonia during the summer of 1939 in inoculated, watered, and ‘‘normal” (no 
special watering) field plots with a pH of 7.0 to 6.3: A. Damping-off in watered 
and normal plots caused independently by Pyihium and Rhizoctonia^ expressed 
as percentage of total loss (thus the loss caused by Pyihium is the ^mirror 
im^e” of that by Rhizocionia); H, total damping-off for consecutive 3-day 
periods in percent of seedlings exposed: C, mean 3-day air and soil tempera 
tures F.); f), sum of S-day precipitation, including water thrown by Skmner 
irrigation, imd mean 3-day humidity in percent; mean 3-day soil moisture 
in watered and normal plots expressed as percentage of the oven-dry weight 
of the eoil, Besults in more acid (pH5.6) soil appear in figure 3. 
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seasons. The mean monthly damping-off in 1938 for the period 
including June, July, and August was 18.9 percent while that for the 
corresponding period in 1939 was 19.1 percent. The loss in the 
watered plots, however, in 1939 (30.6 percent) was much greater than 
in the normal plots during either season. In 1939 the loss was greatest 
ill the sprir^, becoming progressively l(»ss severe as the summer 
advanced, ft 1938, except for the period of light attack late in July, 
damping-off increased as t he summer progressed. 

The change in soil reaction appeared not to influence the total loss 
for the two seasons. Liming, strongly favorable to Pythium and 



Figuhe 3.—Damping-off of red pine caused by Pythium and Rhizoctonia between 
August 8 and October 7, 1939, in inoculated, “natural” field plots in two ex¬ 
periments with respective soil reactions of pH 5.5 and 6.3: A, Damping-off 
caused independently by Rhizoctonia expressed as percent of the total loss; 
B, total damping-off for consecutive 3-day periods in percent of seedlings exposed. 
Other factors influencing the loss were the same as in. figure 2 between August 
8 and October 7. To avoid confusion of additional lines in A, the curves for 
Pythium have been omitted. Since curves for both fungi are based on those 
in B, the Pythium curves not shown would be complements of the Rhizoctonia 
curves in A. The meteorological conditions are the same as those in figure 2 
at corresponding dates. 
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inhibitory to Rhizocfonia^ resulted in a reduction of the Rhizoctonia 
loss with a corresponding increase in the number of seedlinp killed by 
Pythium, In table 1 are given the relative amounts of damping-off 
caused independently by the two fungi at different soil reactions and 
moistures. In normal plots of 1938 with a pH of 5.5, the ratio of losses 
caused by Pythium and Rhizoctonia^^ respectively, was about 1:1. 
In 1939, after adjustment of the reaction of this same area to pH 7.0, 
the ratio shifted to about 4:1 in the normal plots and to slightly over 
5:1 in the watered plots. During the 2-month period from August 8 
to October 7 (the period during which the third experiment was run) 
the damping-off ratio in the normal plots with a pH of 7.0 was approxi¬ 
mately 2.5:1. Tills value was reduced soniewdiat from that for the 
season as a whole because of cool autumn temperatures and low soil 
moistures wdiicli inliibited Rhizoctonia less than Pythium, However, 
when the soU reaction was at pH 5.5, return of the ratio to about 1:1 
indicated that the differences in the ratios were caused by changes in 
soil acidity. That temperature and humidity over the ranges encoun¬ 
tered were not important in influencing the relative losses caused by 
Pythium and Rhizoctonia in the different experiments was suggested 
by the slight differences in these factors during the two seasons. In 
1938 the mean air temperature for the experimental period was 67° F. 
while that for 1939 was 66°. Humidity during the two seasons was 
75 and 74 percent, respectively. 


Table 1. —The influence of soil reaction upon the percent of total damping-off 
caused independently hy Pythium and Rhizoctonia in inoculated field plots 


Season and date 

'rreatnienl 
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June 4 to August 24. 
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June 9 to October 7.,.. 

[Normal--.- 
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1939 


August 8 to October 7. 
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6.5 
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79 
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21 

7.0 
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83 

{Rhizoctonia . 

16 

( 7.0 

6.6 

[Pythium . 

{Rhizoctonia . 

72 

28 

1 6.6 

6 6 

[Pythium . 

51 


(Rhizoctonia . 

49 


The effects of temperature noted in 1938 appeared also in 1939. 
Mean damping-off for the months of June, July, August, and Sep¬ 
tember, respectively, was 3.5, 2.2, 1.5, and 1.2 percent while the 
corresponding mean air temperatures were 68°, 75°, 70°, and 65° F. 
Excluding the month of June, there was a progressive decrease in 
damping-off through the summer with declining temperature. The 
high damping-off values during June can in large part be attributed 
to high susceptibility of the seedlings counted during that period 
rather than to weather conditions alone. All seedlings counted before 
June 24 (the date at which seedlings of all age classes were included) 
were approximately 9 days younger in mean age than seedlings 
counted at all subsequent dates. Their susceptibility was corre¬ 
spondingly greater, as discussed earlier. 
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The amount of soil moisture in 1939 showed no significant correla¬ 
tion, as in 1938, with the monthly trend of damping-off. However, 
comparison of the watered and normal plots in 1939 (fig. 2, B and E) 
showed that soil moisture greatly influenced total damping-off. In 
the watered plots, where no dry periods occurred, there was a seasonal 
mean of 31 percent. In the normal plots a comparable mean was 
only 19 percent. On only one counting date, August 2, did damping- 
off in the dry sections exceed the loss in the watered sections of the 

These relatively broad observations, dealing with conditions during 
seasonal or monthly periods, are valuable for indicating trends. 
However, the actual situations are clarified by studying, through 
many successive short-time intervals, the changing factors of environ¬ 
ment and the corresponding variations in the development of disease. 

Short-Time Fllctcations in Weather 

The importance of temperature in the damping-off relationship 
appears conspicuously in figure 2. It is seen (B) in watered plots, 
provided humidity and soil moisture arc high (E), that greatest 
damping-ofi’ commonly corresponds with warmest temperatures (C). 
These are conditions of temperature and moisture favoring Fythium 
damping-oft‘, and in view of the neutral soil reaction, a severe loss 
would be expected. The peaks, e. g., on June 18 to 21, July 6 to 9, 
and so on, for total damping-off in the normal plots arc not so high 
but correspond with those in the watered plots. 

High air humidity and surface moisture (Z>), con(*urrent with high 
temperature, correspond with the 3 pronounced peaks of damping-off 
(B) on July 6 to 9, August 29 to September 1, and September 13 to 
10. With low humidity the important top one-quarter inch of soil 
dried rapidly. The humidity was low during those periods of high 
temperature, July 24 to 27 and August 14 to 17, when damping-off 
was at a minimum. The relation of high air humidity to damping-off 
by Rhizoctonia has been discussed earlier (7). 

The influence of soil reaction is seen from a comparison of the 
results given in figure 3. Total damping-off in the acid soil (pH 5.5) 
is seen in the latter figure to be sometimes greater and sometimes 
less than that in the relatively neutral soil (pH 6.3). 

Apparently the relative activity of Pythium and Rhizoctonuiy as 
well as the severity of total damping-off, was influenced especially by 
soil reaction, temperature, and moisture. In some cases these factors 
evidently supplemented each other in favoring one of the fungi and 
discouraging the other. 

Changing Weather and Fungus Activity 

In soils with different acidities (fig. 3) the variations in the amount 
of damping-off are clarified only when the causal agents and the 
changing weather (see fig. 2 with corresponding dates) are taken into 
account. As shown in figure 3, Rhizoctonia was more active than 
Pythium in acid soil (pH 5.5) from August 11 to 20, September 10 to 
13, and September 19 to October 4, Pythium predominated in soil 
with pH 6.3 as late as September 19 and appeared prominently again 
October 1 to 4. From August 20 to September 10 and September 13 
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to 19 temperature and moisture appeared so favorable for Pythium 
that they overbalanced the relatively unfavorable acidity of the soil 
with ptf 5.5. 

Temperature and moisture effects are so intimately associated that 
they are considered together. Their fluctuations influenced the ratio 
of Pythium to Rhizoctonia damping-off in both the watered and the 
normal plots. In the watered plots about 90 percent of the total 
postemergence loss (fig. 2) was caused by Pythium until cool fall 
weather arrived. From September 10 to 13 the two fungi were about 
equally active; after September 19 Rhizoctonia remained generally 



AGE OF SEEDLINGS (DAYS) 

Figure 4. —Influence of seedling age on susceptibility of red pine to damping-off 
by Pythium and Rhizoctonia inoculated into watered and normal field plots. 

predomiiiant against emerged seedlings with the continued low 
temperatures. 

In the normal plots the fluctuations in activity by the two fungi 
were greater than in the watered plots. In general, high soil mois- 
v'ture, nigh humidity, and warm temperature, when acting together, 
strongly favored attack by Pythium (e. g., fig. 2, June 18 to 21, August 
19 to Sejjtember 4, and September 13 to 16). The inhibition of 
Rhizoctonia activity by abundant soil moisture was indicated by the 
difference in amount of disease between watered and normal plots 
and the marked drop after the rain of October L However, hign air 
humidity may be associated with severe Rhizoctonia attack (fig. 2, 
July 3 to 9). By encouraging aerial mycelium to grow over the 
seedlings, it naay prompt the most destructive action of this fungus. 

In general, it appeared that Pythium operated best with rektively 
wet, not too acid soil and warm temperature while Rhizoctonia was 
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more active iii relatively acid soil with low moisture and a cool tem¬ 
perature. A single factor or a combination of two or more factors 
operated at times to inhibit one fungus and to encourage the other. 

Seedling Age and Susceptibility 

The varying relation of seedling age to susceptibility is indicated 
in figure 4. Kecords were taken at 3-day intervals on the untreated 
and watered seedlings studied in figure 2. As explained earlier, these 
had been planted at 5-day intervals throughout the season so that the 
question of seedling age would not influence the other results. In 
both watered and normal plots more seedlings damped-off 11 to 13 
days after emergence than at any other age. After 13 days in the 
wat(»red plots there was a sharp decline with increasing age until 17 
to 19 days. At greater ages the loss became gradually less pro¬ 
nounced until at 32 to 34 days it fell below 1.0 percent. In the normal 
])lots, after 11 to 13 days, damping-off decreased gradually toward 32 
tT) 34 days. The losses in both normal and watered plots were similar 
after 3 weeks. 

If the seedlings escaped disease for 30 days after emergence, the 
typical symptoms of damping-off became less and less evident. 
Although the pathogenic fungi continued to operate under very 
favorable conditions, the symptoms were commonly those of root 
rot and seedling blight and hence beyond tlie scope of this study. 

DISCUSSION 

The variations in results reported by various authors and mentioned 
in the introdui‘/tion have suggested tliat several factors of unknown 
influence were involved in the circumstances resulting in the damping- 
ofl* of red pine seedlings. As explained earlier (6?), two organisms 
seemed to be the primary causal agents in Wisconsin. In another 
study (7) temperature, moisture, and soil reaction were observed to 
influence the activity of both these causal agents. For the most part, 
within limits, the environment that discouraged one favored the other. 
This indicates the difficulty of disease prevention by regulating the 
more obvious environmental factors. 

The results of greenhouse studies under controlled conditions cor¬ 
related closely with results secured in the field under natural condi¬ 
tions. Therefore, the influence of temperature, moisture, and soil 
acidity, operating in various combinations in the field, could be more 
exactly interpreted on the basis of the way that it was found to operate 
in the greenhouse. In making such interpretations, several conditions 
of study must be explained: (1) In the field studies only postemer- 
gcnce damping-off was considered while taking the records. An 
estimate of the preemergence damping-off in the field was made and 
found to correlate closely with that secured in the greenhouse. (2) 
The time at which the different records were made and averaged for 
the points indicated in the several figures sometimes caused an 
appearance of discrepancies. For example, during the period July 
27 to 30 there was over 2% inches of rain. During this period the 
relative humidity averaged about 66 percent. Obviously, during the 
heavy rainy period the humidity approximated 100 percent. (3) 
When met(K)rological conditions had been unfavorable for the growth 
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of fungi in the soil, fungus attack on the seedlings, as might be ex¬ 
pected, lagged for some time after conditions again became favorable. 
(4) A consideration of weather conditions most favorable for active 
seedling growth involved such factors as have been explained earlier— 
a soil reaction between pH 4.5 and 6, soil moisture neither too dry nor 
too wet, and temperature between 18° and 30° C. 

Variations in weather during the critical 30 days following plantings 
are of primary interest to the nurseryman. The attempt to secure as 
wide as possible a variation in weather but comparable conditions 
otherwise presented serious problems. Since variations occur very 
rapidly within the same season, it was considered that successive 
plantings throughout two somom might have a reasonable chance of 
encountering practically all of the conditions a nurseryman might 
encounter in the springtime. If one examines the weather records, he 
finds all variations of temperature and moisture in different combina¬ 
tions, acting at a time when the seedlings are fully susceptible. From 
the results under a given set of conditions, he may secure a reasonable 
approximation of what may happen if that kind of weather occurs a§ 
his seedlings are emerging. 

Most of the discrepancies reported in the introduction have been 
clarified by showing the presence of two diseases, caused by separate 
agents, and impearing, respectively, under different environmental 
conditions. The value of fall planting is consistent with the fact that 
the seedlings ordinarily emerge very early in the springtime, when 
temperature suppresses the activity of Pythium. and high soil moisture 
represses Rhizoctonia. The value of the sulfuric acid soil treatments 
is apparently increased beyond partial surface disinfection because 
soil acidity is unfa,vorable to Pythium and soil moisture is often too 
high for vigorous Rhizoctonia development, particularly where the 
beds are not covered with sterile sand. 

Detailed information about the circumstances under which these 
two fungi operate indicates some requirements for developing control 
measures. 

SUMMARY 

The influences of temperature, soil moisture, air humidity, and soil 
reaction upon damping-off of red pine have been studied in Wisconsin 
nurseries. The exponmental plots were inoculated with local strains 
of Pythium and Rhizodoniay the causal agents of the disease in Wis¬ 
consin. The relative importance of the various factors was continu¬ 
ally changing with natural variations in the weather. Data in the 
different experiments were taken at 5- and 3-day intervals throughout 
two seasons on equal numbers of seedlings. Seed was planted and 
counts were made at regular time interveds in order that the effects 
of environmental conditions might be observed on seedlings of com¬ 
parable ages. Only postemcrgence damping-off was considered in the 
retjords. 

The highest percentage of damping-off occurred in seedlings emerged 
about 11 to 13 days. They were relatively resistant after about 1 
month. 

The weather often determined which of the two fungi was more 
active in soil with a reaction between pH 5.5 and 7.0, One or the 
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other might be inhibited, but no natural condition favoring seedling 
growth inactivated both at the same time. 

Variations in soil reaction between pH 5.5 and 7.0 had little influ¬ 
ence on total damping-off. A soil reaction of pH 5.5 to 6.0 was 
favorable to both fungi. More acid soils encouraged Rhizoctonia 
while Pythium was favored by soil more nearly neutral. 

In general, temperature was more important in de^termining severity 
of total damping-off while soil moisture determined which of the two 
fungi would predominate. Except for early preemergenoe and some 
post emergence loss caused by Pythmm at low temperatures, warm 
weather favored total darnping-off, irrespective of the fungus acting. 
When temperature was low, postemergence damping-off was at a 
minimum. 

High soil moisture favored Pythmm while greatest Rhizoctonia 
damage occurred in dry soils. When both fungi were present, the 
common fluctuations in soil moisture did not greatly affect total 
damping-off. Warm weather, combined with very high relative 
Iwimidity, favored rapid aerial growth of Rhizoctonia. 

An understanding of the conditions favoring or inhii)iting the 
activity of these fungi insures a logical application of control measures. 
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SOME CHEMICAL RELATIONS IN THE SUGAR BEET 
DURING PHASES OF ITS DEVELOPMENT i 


By Ray C. Chandler 2 

Formerly assistant botanist, Arizona Agricultural Experiment Station 

INTRODUCTION 

Investigations at the Arizona Agricultural Experiment Station on 
sugar beets {Beta vulgaris L.) grown for seed have dealt principally 
with the physiology of seedstaTk induction. The primary objective 
lias been to determine the effect of temperature relations as modified 
by ciiltura] practices upon vegetative and reproductive development. 
As a part of the gem^ral problem a chemical study of the entire plant 
was made throughout its life cycle under the climatic conditions which 
prevail in the vSalt River Valley of Arizona and which are typical of 
the areas of the Southwt^st where sugar beets are grown for seed by 
the overwintering method {6)A 

Winter temperatures in many beet-seed-producing areas arc near 
the critical temperature that determines vegetative or reproductive 
development. In the problem to be discussed in this paper tempera¬ 
ture is the chief variable. The lack of specific infonnation on seed- 
producing plants under field conditions prompted this study of the 
])rincipal labile carbohydrate and nitrogen fractions in top and root 
of the sugar beet at intervals during plant development for two 
successive seasons. Certain chemical relationships revealed by the 
data are emphasiz(»d herein because they suggest interesting phases 
of the physiology of the beet plant and, possibly, something of the 
gen(*ral problem involved in phasic development. 

The coinmercial sugar beet is a biennial, and after a dormant winter 
period it begins growth anew and forms seedstalk, flowere, and fruit. 
However, under constant warm greenhouse conditions it will continue 
vegetative growth indefinitely. Suitable conditions of cool tempera¬ 
ture must be experienced by the plant to induce the reproductive 
phase. Sugar-beet plants ditfer greatly in their tendency to bolt, that 
is, to fonn seedstalks. Plants that respond to relatively slight ex¬ 
posure to cold are usually referred to as easy or fast boltem, while 
those that require relatively great exposure to cool temperature are 
hard or slow bolters. Plants grown for seed are not thinned, in con¬ 
trast to the practice of thinning beets grown for sugar production. 
Early plantings made in August have a longer period of vigorous 
growth during the autumn than later plantings, and the larger foliar 
cover shades the soil more completely and reduces the surface soil 
temperat ure. Thin stands of plants reduce this cooling effect. 

1 Received for publication June 9 1942. A cooperative Investigation of the University of Arizona and the 
Bmau of Plant Industry, XT. 8. Department of Agriculture. 
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Both vegetative and reproductive sugar-beet plants produce large 
storage roots. Typical differences in their shape, size, and sugar 
content have been discussed by Esau (^). In this study the roots of 
bolting plants were smaller and attained a higher sucrose concentra¬ 
tion than the roots of typically vegetative plants, as grown for sugar, 
but because of their greater size, the vegetative plants contained 
greater absolute amounts of sucrose per ^aiit. The leaf area was 
approximately equal in vegetative and reproductive plants of the same 

The general effect of temperature upon reproduction in the sugar 
beet is well known. Chroboczek (i) and Roberts and Struckmeyer 
(10) found it to be a long-day, cool temperature plant. Owen, 
Carsner, and Stout (7) showed that the relative effects of temperature 
and day length varv with the genetic constitution of the plant. For 
biennial beets they found that the temperature effect was predominant, 
but also found evidence of the production of flower-inducing sub¬ 
stances by the plant. Information on the chemical behavior of 
sugar beets has been provided hy the work of Pultz (9) at St. (leorge, 
Utah, on a variety of easy-bolting beets grown under conditions of 
temperature favorable to bolting, in which the chief variable was the 
nitrogen supply of the soil. It was shown by Pultz that sucrose and 
nitrogen were withdrawn from the root during seedstalk development. 
When nitrogen was limiting, sucrose accumulated, flowering was 
suppressed, and the seed yield was lowered. 

EXPERIMENTAL DETAILS 

Sugar beets were grown in plots near Mesa, Ariz., within the seed- 
producing area of the Salt River Valley. In the first year’s experi¬ 
ments six varieties ^ of sugar beets varying in characteristics with 
respect to disease resistance and bolting tendency were grown in 
duplicate plots of approximately 0.1 acre per variety for each of three 
planting dates (August 16, September 17, and October 2). The 
plants were grown on soil judged from past records to be of high and 
uniform fertility. Ten tons of barnyard manure per acre was applied 
before the soil was prepared. Ammonium phosphate was applied 
at the time of seeding. Seed was sown at the rate of 18 pounds per 
acre in rows 20 inches apart on two-row beds centered 24 inches 
apart. Additional nitrate was added March 7. It is believed that 
no nutritional factor was limiting, except possibly nitrogen for a short 
^riod during the first winter in the August and September plantings. 
Differences m plant responses are assumed to reflect the effects of 
temperature. Cultural practices incident to date of planting, extent 
of shading, spacing of plants, and irrigation provided a differential of 
temperature whereby the soil at the crown of the beets of the August 
planting was several degrees cooler than that of the October planting 
during several hours each day for most of the growing season, as shown 
by thermograph records (fig. 1). A sample for a chemical test was 
a composite of all varieties for each planting date. Determinations 
for reducing sugars, total sugars, amino nitrogen, total nitrogen, 
nitrate nitrogen, and amide nitrogen were made November 25, 
December 29, March 2, April 13, and June 3. Soil nitrate was 

* rjw vnrietios grown were U. S. 12, U. S. 14, U. S. 38, U. 8.217, Great Western, and Rabbetbgc & Oieacclce 
(oWtyiJd). 
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detormined for each foot increment to a depth of 5 feet for each plot 
on each of these dates. The soil was Laveen loam, characterized 
as follows: ® 

Total soluble salts, 1,200 p. p. m. of dry soil 
pH at moisture equivalent, 7.7 
at 1:10 dilution, 8.8 

Neubauer values: 

23 mg. K per 100 gm. of soil 
5.2 mg. PO 4 per 100 gm. of soil 

Experiments for the second season were limited to 1 slow-bolting 
variety planted in duplicate plots of approximately 0.3 acre per plot 
for each date of planting. Five of the 32 rows in 1 plot of each plant¬ 
ing date were thinned to 1 plant per foot to produce a slight difference 
in soil temperature between plants of the same date of planting, but 
otherwise environmental conditions were the same* Chemical de- 



Fksuiie 1 .— Soil temperature at crown of beets during March 1939. 

teiminations were made upon both thinned and unthinned plants of 
the August and October plantings and also upon the un thinned 
September plants. Thus each season 3 plantings were made, de¬ 
signed to produce different degrees of thermal induction of the repro¬ 
ductive phase. The relatively cold winter of the first season favored 
this induction and a high seed yield except in plants at the extreme 
south end of the plots where the soU was subjected to little shading 
and no induction occurred. These latter plants were used as typiem 
nonbolters. In the second season three degrees of thermal induction 
were provided by date of planting as before, and in addition a more 
precise study of slight temperature differences was provided by spacing 
of the plants. The chance of variability as a factor was reduced by 
limiting the study to 1 variety. Average temperature for the second 
season was less favorable for induction of the reproductive phase, 
thus placing all plantings of that season very near the critical tem¬ 
perature relationship. 

CHEMICAL METHODS 

A relatively large amount of material was gathered from each plot 
and rushed to the laboratory under cool, moist conditions where 
representative samples of sap and tissue were prepared and refrig- 
erated. Am ino acids were determined at once on tlie sap by the 

• T)ata furnished by Dr. T. F. Buehrer of the Arizona Agricultural Experiment Station. 
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Van Slyke method {11)^ amides were promptly hydrolyzed and their 
determination completed shortly thereafter by the Vickery-Pucher 
method {12) ^ sugars were determined from samples of the expressed 
sap by the ceric sulphate method described by Hassid (^), and nitrate 
by the Devarda method. Total nitrogen was found by the Kjeldahl 
method on finely ground tissue in whidi the nitrate had been reduced 
by iron {8)» Soil nitrate was ascertained by the phenoldisulfonic 
method. 

RESULTS 

Solutes are reported in terms of concentration on the assumption 
that concentration has greater physiological significance than dry- 
weight relations. Figure 2 illustrates the general behavior of reduc¬ 
ing sugars as shown by the seed-producing plants for 1938-39. In 
the top tissue there was an increase in the concentration during early 
development, followed by a decline during seed development. The 
root tissue was characterized by a very low concentration of reducing 



Figure 2 .—Reducing sugars in sugar beets during development, 1938-39. 


sugars throughout the season. A marked difference existed between 
root and top concentration, but this difference was characteristic of 
both vegetative and reproductive plants. The second season showed 
the same general trend except that no significant decline in concen¬ 
tration of reducing sugar occurred in the top tissue during the repro¬ 
ductive stage. The seed yield for the second season was quite low. 

The concentration of sucrose in plants for 1938-39 is shown in 
figure 3. The early plantings (August and September) rapidly built 
up the sucrose concentration to high levels until bolting time, after 
which it rapidly declined. These plants produced heavy seed yields. 
The October planting maintained a lower sucrose level during its 
vegetatjive development, but continued to increase the concentration 
even during the bolting period, and markedly so during the period of 
seed development to the extent that on June 3 the late (October) 
planting had a decidedly higher concentration of sucrose than the 
early mantings. The absolute amount of sucrose per plant was 
mu<m less m the late than in the early plantings. The October 
planting yielded less than one-half the seed produced by either of the 
earlier plantings. 
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FiGUiiE 3.—Sucrose in sugar-beet roots during development, 1938-39. 

Figure 4 indicates the trends of sucrose concentration observed 
during the season 1939-40. August and October plantings each have 
parallel experiments, namely, with thinned and unthinned plants. 
All plantings show a continuous increase of sucrose concentration in 
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the root tissue throughout the season. The early plantings (August 
and September) again showed the higher concentration in the early 
stage of development, but by June 5 the late planting (October) 
approached the same level of sucrose as the earlier plantings. During 
early development the thiimed plants in both August and October 
plantings maintained a lower sucrose concentration than the un- 
tWnned plants. The thinned plants of these two widely divergent 
planting dates both showed a decline in the rate of sucrose accumu¬ 
lation during the bolting season and both attained approximately the 
same level of sucrose concentration by June 5. The thinned October 
planting produced no seed and all other plantings gave very poor 
seed yiSds. 



FiauRE 5.—Total nitrogen in sugar-beet roots during development, 1938 -39. 

The seasonal trend of total nitrogen in root tissue for 1938-39 is 
indicated in figure 5. A decline in the percentage of total nitrogen 
for all reproductive plants is characteristic. W^en data for these 
plants are compared with those for nonbolting plants (table 1) it ap¬ 
pears that relatively large absolute amounts of nitrogen have dis¬ 
appeared from the roots during reproductive development. The 
major loss apparently takes place about the time of seedstalk develop¬ 
ment. 

In figure 6 is shown the trend of total nitrogen in August and 
October plantings for the following season (1939-40). The unthinned 
plants show a marked decline durmg the bolting period. The thinned 
plants show a distinctly different behavior with respect to total 
nitrogen. The thinned August planting bolted and produced some 
seed; the thinned October planting produced no seed. Both thinned 
plantings were relatively high in total nitrogen while both unthinned 
plantings produced more seed and lost total nitrogen from the root 
tissue. 
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Fkiure 6 .—Total nitrogen in sugar-beet roots during development, 1939-40. 


Table 1. —Comparison of carbohydrate and nitrogen fractions in bolting and non¬ 
bolting sugar-beet plants at harvesttime 


Fraction 

Tissue 

Planting date 

Bolters 

Non bolters 

Aug. IH 

Sept. 7 

Oct. 2 

.Sept. 7 

Hoducing sugars , inols por liter 

Sucros(‘.....-. do . - - 

Nitrate nitrogen.. - do_ 

Amide nitrogen..do_ 

Arnino nitrogen. do_ 

"I'ottil nitrog(*n per gram of dry weight 
grams.. 

/Tops. . ' 
\ Hoots . . 
jTops 

\ Roots-_ 

/Tops_ 

\Roolj}. 

/Tops. 

\Roots.-_ .. 

/Tops. 

\Roots.-. 

/Tops. .. ... 

\RtK)tS. 

0.071 
.006 
.000 
.324 
.(X»83 

. (¥)3f’> 
.(K)13 
.0220 
. 0162 
.0441 
.0008 

o 

sgssggsssss? 

0.078 
.006 
.005 
.387 
.(K)13 
. (KViO 
. 0073 
. 0013 
.0188 
.0298 
. 0316 
.0070 

oggSsiiio-So 


Nitrate nitrogen represents from 3 to 11 percent of the total nitrogen 
found in the plant. The nitrate relationships are illustrated in figures 
7,8,9, and 10. The trend of nitrate nitrogen in the tops of the 1938- 
39 plants, which is shown in figure 7, is characterized by a marked 
reduction in concentration during the reproductive phase. A similar 
trend in the root tissue is indicated in figure 8. Figure 9 shows the 
behavior of the plants in the parallel experiments in the August 
planting of the 1939-40 season. The unthinned plants show the same 
decrease in nitrate concentration noted before, but the thinned plants 
show little change in concentration in either top or root tissue during 
the period of flowering and seed development. Similar trends are 
apparent in the October planting (fig. 10). In all cases except the 
October planting of 1938-39 the unthinned seed-producing plants 
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Figure 7,—Nitrate nitrogen in sugar-beet tops during development, 1938-39. 

developed a nitrate relationship such that the concentration was 
relatively much greater in the tops than in the roots. In the parallel 
experiments the thinned plants cither reversed this relationship or 
showed a strong tendency to do so. The concentration of nitrate 
in the tissues of the plant was always manyfold greater than the 
concentration in the soil (figs. 9 and 10). 
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J'loi'RE 0,—Nitrate nitrogen in sugar beets (August planting) during develop¬ 
ment, 1939-40. 

The dominance of the vegetative or reproductive phase of develop¬ 
ment during the season is illustrated by the relative weight relations 
between top and root for the first season^s plantings as shown in 
table 2, The degrt'c of successful reproduction attained by the 



Figure 10. —Nitrate nitrogen in sugar beets (October planting), during develop¬ 
ment, 1939-40. 
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Table 2. — Top-root weight ratios of sugar-^heet plants grown for seedy 19S8-S9 


Planting dat<* 

Date of sampling 

Nov. 26 

Dec. 29 

Mar. 2 

Apr. 13 

Aug. 10... 

1.03 

1.70 

1.19 

1. OS 

Sopt. 7... . _ 

4.3S 

2.97 

1.81 

2.70 

0(!t. 2.. 

6.85 

I 

3.47 

2.10 

1. 57 


various plantings may bo estimated from the seed yields given in 
table 3. 


Table 3. —Seed yields'^ from a variety of sugar beets low in bolting tendency 


Planting date 

Yield per 
acre 

Planting date 

Yield per 
acre 

ms 

Aug. 10... 

Pounds 

2,168 

2.545 

1939 

Aug. 23.. 

Poviidn 

580 

Rept. 7.... 

Sept. 16_ . ... 

321 

Oct. 2.. 

017 

Oct. 7_ . ... 

179 


1 No records made of yields from thinned plots; no seed produced by thinned plot of Oct. 7, 1939. 

DISCUSSION 

Both the vegetative and reproductive phases of development in the 
sugar beet are favored by an abundant supply of nitrogen (P). Since 
the sugar beet is a long-day plant the induction of the reproductive 
phase should cause neither cheek in growth nor accumulation of re¬ 
serves as has been reported for short-day plants (6), Therefore, 
characteristic trends in chemical relations sfiown by the data on sugar 
beets appear to have more than ordinary significance. Trends which 
appear important here are the carbohydrate, total nitrogen, and 
nitrate nitrogen relationships during the vegetative and reproductive 
phases of the plant. The need for discernment of various stages in 
the reproductive phase brought about by either photo induction or 
thermal induction has been stressed by Hamner {3), For the sugar- 
beet plant attention may be focused upon those plants that are strictly 
vegetative, those that bolt but produce little seed, and those that 
produce heavy seed yields. 

Reducing sugars throughout the plant were generally of the same 
order in corresponding parts of plants of the same ago and their con¬ 
centration and movement did not seem to be a limitmg factor except 
in the October planting for 1938-39 where the low concentration in the 
tops conceivably could have been responsible for low seed yields. 
The decline in reducing sugars wherever heavy seed production was in 
process suggests that reducing sugars constitute an important step 
in these transformations. 

Sucrose appears to be the principal source of mobile carbohydrates, 
supplemented by the daily contribution by photosynthesis. Plants 
that produce heavy seed yields draw heavily upon the sucrose in the 
root. Such utilization involves a hydrolytic process which did not 
appear to be limiting except, possibly, in the case noted above. 
Plants that bolt but inake poor see^ yields continue to increase the 
sucrose concentration in the root tissue during the bolting period. 
Plants of the same age that remain strictly vegetative likewise con- 
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tiniie to accumulate sucrose. The tendency to store or utilize sucrose 
apparently becomes a measure of vegetative or reproductive tenden¬ 
cies in the beet plant. 

During the reproductive phase the percentage of total nitrogen 
decreased more rapidly than the rate of growth of the root, about 50 
percent of the nitrogen actually disappearing from the root. In the 
vegetative plant of the same age the percentage of total nitrogen in¬ 
creased during the same period. Since onlv a small percentage of the 
nitrogen was soluble at any given time a liydrolytic process was in¬ 
volved in the reproductive phase. The tendency to export nitrogen 
from the root may be considered a reproductive characteristic of the 
sugar beet. 

So far as may be judged from the results of this study, the nitrate 
nitrogen appears to be the most mobile nitrogen fraction. At all 
times the nitrate concentration was manyfold greater throughout the 
plant than in the soil solution. The equilibrium concentration (or 
steady state) near seed harvesttime was markedly different in plants 
of the same age but in different stages of development. In strictly 
vegetative plants the nitrate concentration was severalfold greater 
than in reproductive plants. It had an intermediate value in wealky 
reproductive plants. In vegetative plants the concentration in the 
root exceeded the concentration in the top as if the nitrate distribu¬ 
tion depended upon a concentration gradient from the root. In typi¬ 
cally reproductive plants the nitrate equilibrium maintained a higher 
concentration in the top as if the nitrate were transported through 
the plant by the utilization of energy, as has been postulated for other 
ions. The tendency for nitrate to accumulate in the tops of repro¬ 
ductive plants has been observed also by Dr. J. M. Fife ® in four 
successive seasons. Unthinned plants from the parallel experiments 
of the second season followed the pattern for reproductive plants, 
while the thinned plants, subjected to slightly higher soil temperatures 
showed the nitrate relationship characteristic of vegetative plants. 
The low-yielding plants (October) of 1938-39 that showed strong 
vegetative characteristics with regard to sucrose accumulation and 
top-root weight ratio also had a nitrate relationship characteristic of 
vegetative plants. 

In those cases where the nitrogen supply and temperature were both 
favorable the plants utilized nitrogen and sucrose from the root, a 
finding which is in agreement with previously reported observations 
of Pultz (t9). When the temperature relation was unfavorable for 
reproduction this fact was reflected in the chemical relations within 
the plant and nitrogen was not used freely for flower and seed even 
in the presence of an ample supply of nitrogen in the plant tissue. 
Seed yields and temperature records for these experiments fully sup¬ 
port the conclusions of Owen, Carsner, and Stout (7) on the relation 
of temperature to bolting. Differences in certain chemical relations 
observed in plants that experienced different temperature exposures 
may be interpreted as supporting the concept of the induction of sub¬ 
stances essential to the reproductive phase through temperature rela¬ 
tions. However, the nature of the special agents responsible for the 
observed chemiew relations is conjectural. 

The foregoing observations show that the loss of sucrose from the 
root is rougrdy proportional to the seed production, the loss of nitrogen 
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is greatest during seedstalk formation, and the most striking changes 
in nitrate concentration and top-root nitrate ratio occur during the 
period of seed maturation. There appears to be fairly good evidence 
for a correlation of the storage of sucrose in the root^ high total nitro¬ 
gen, high nitrate concentration throughout the plant, a top-root 
nitrate ratio loss than unity, and a decreasing top-root weight ratio 
with the vegetative phase. On the other hand, the loss of sucrose and 
nitrogen from the root, a declining nitrate concentration, a high top- 
root nitrate ratio, and a high top-root weight ratio are charcateristic 
of the reproductive phase. The change in equilibrium for any of these 
systems appears to be associated with a certain stage of development. 
The extent to which these relationships between development and 
chemical composition are causal or resultant is debatable. The more* 
important consideration is the agency that directs the chemicral re¬ 
actions toward one or the other phase of development. 

Ordinarily each of the important processes that have been discussed 
is considered to be controlled rigidly by one or more enzyme systems. 
The agents necessary to the initiation of these processes are produced, 
by this plant under favorable conditions of temperature. The tem¬ 
perature requirements for their production differ significantly and the 
degree to winch any of the chemical relationships is attained in the 
plant depends upon thennal relationships. It is not clear whether 
a group of enzyme systems acting mdcpendently performs the role 
sometimes attributed to a flowering hormone or whether the operation 
of these systems depends upon the activity of one or more hormone¬ 
like substances. The need for a better understanding of enzyme 
systems in plant development is evident. The data indicate that a 
number of processes, such as the hydrolyses of sucrose and insoluble 
forms of nitrogen, the special distribution of nitrate, reduction of 
nitrate and syntheses of certain compounds, arc involved in reproduc¬ 
tion in the sugar beet and that the coordination of all these processes 
is essential to successful reproduction. It appears that a considera¬ 
tion of the larger chemical fractions as found in suitable plants grown 
under appropriate conditions will contribute much toward the analysis 
of the problems of phasic development. 

SUMMARY 

Sugar beets were grown for seed in the Salt River Valley of Arizona 
under favorable nutritional conditions. Temperature relations were 
varied through cultural practices. Chemical determinations were 
made on important carbohydrate and nitrogen fractions in tops and 
roots throughout the vegetative and reproductive phases for two 
successive seasons. 

Comparison of these chemical fractions, as found in strongly vege¬ 
tative plants and in plants subjected to various degrees of induction 
to the reproductive phase, has been made. Seed yield was used as a 
criterion of successful reproduction. 

Vegetative plants stored sucrose and nitrogen in the roots. Nitrate 
attained a relatively h^h concentration throughout the plant, with 
the root concentration in excess of the top. 

High ^ed-yielding nlants utilized sucrose and total nitrogen stored 
in the root* Nitrate showed marked reduction in concentration during 
the reproductive phase, characterized by a higher concentration in 
t^ than root. 
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Low seed-jy^ielding plants utilized less than the daily supply of 
sugars provided by photosynthesis and stored sucrose during the bolt- 
ing period. Nitrogen relations within the plant reflected the degree 
of induction to the reproductive phase brought about by temperature. 

Some possible relationships between cnemical composition and 
phasic development have been discussed. 
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INHERITANCE OF SIZE IN SINGLE-COMB WHITE 
LEGHORNS ‘ 

By I. Michael Lerner 

Assistant poultry husbandman, California Agricultural Experiment Station 
INTRODUCTION 

Investigators who have studied the inheritance of body size have 
employed a variety of methods, the most common of which involve the 
crossing of animals of divergent sizes. The mean size and variability 
of the Fi, subsequent generations, and backcrosses have led most 
workers to conclude that body size is under polygenic control. Usually 
animals of different breeds or varieties of a given species or even 
animals of different species have been used in such studies, since the 
(‘xisting interbreed and interspecific variability provides a wide range 
of characteristic body sizes. This is especially true of the domestic 
••tniimals in which generations of artificial selection have result(*d in 
the establishment of breeds differing in size by sev(^ral hundred percent. 

Instances of crosses b(‘tween breeds of poultry of such extreme 
divergence are furnished by the studies of Punnett and Bailey {18)^^ 
Jull and Quinn {8), and Maw (76*), all of whom used Bantams as one 
of the parents. As noted, inheritance on a polygenic basis was 
indicated in these cases, as well as in crosses between breeds less 
dissimilar in size, hicluding those made by authors tending to in¬ 
terpret the Fi and other segregations on the assumption of a limited 
number of genes (cf. the two-geiic hypothesis of Waters {22) or the 
^‘four or more’^ pairs of genes suggested by Quisemberry, Roberts, and 
Card {19). Interpretation on a polygenic basis also appeared to 
satisfy the results of studies conducted on crosses in other species 
than chickens, e. g., ducks {17, 4), pigeons {28), and most of the 
commonly studied laboratory mammals. (See Lerner (.9) for a 
review.) 

The variation in mature size within breeds has been studied far less 
intensively. In chickens Lerner {10) ,using shank length as a criterion 
of size, found two strains of Single-Comb White Leghorns to exhibit 
significant differences, with the Fi and backcrosses intermediate in 
size. Earlier Dunn {8) reported similar differences in the length of 
the long bones between inbred families of the same breed. Of two 
crosses between such families one Fi was intermediate and the other 
exceeded both parents. 

Other investigations on the genetic basis of size differences within 
breeds include a limited number of statistical studies on Jersey cattle 
and swine. In the former Gowen (7) noted that some 60 percent of 
the variance in size was hereditary. In swine the genetic portion of 
the variance was found to rise from an insignificant figure at birth 
{14) to 18 percent at weaning time (2), and to 30 to 40+ percent at 180 
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days of age { 24 ), The increase of the genetic portion of the variance 
with age reflects the existence of significant nongene tic effects of 
nutrition during the embryonic and the nursing stages of mammals 
(at weaning time 40 percent of the total variance was due to environ¬ 
ment common to litter mates). Such effects are likely to be of much 
smaller importance at comparable ages of birds. 

All in all, it may be seen from the above review of literature that 
the information on the extent of the hereditary control of adult size 
within breeds is very limited. The present study was desigiied to 
throw some light on this subiect, with the Leghorn breed of chickens 
used as experimental material. 

MATERIAL AND METHODS 

Body size may be expressed in terms of body weight or in terms 
of some skeletal measurement. The latter is preferable since body 
weight is subject to a great deal of fluctuation due to nutritional state, 
condition of the ovary, and other factors of internal and external eii-» 
vironment. Mature length of shank, a measurement bearing a close 
relation to the actual length of the tarsometatarsus (/* — 0.968 ±0.007 
with a standard error of estimate of 0.028 cm. {1) has been found to 
be of use in expressing size differences. Its correlation with body 
weight is of the magnitude of 0.66 (70), so that not all of the variation 
in body weight is accounted for by shanlt-length differences between 
birds. For the purposes of the present study mature shank length is 
used as a criterion of size but with the understanding that it docs not 
necessarily represent the same genetic differentials that would be 
manifested by tbo» variation of body weight. 

Measurements of shank length were made on mature females from 
the University of California flock with the device described by 
Buimester and Lerner (7). The production-bred strain of Leghorns 
with which the expeiiraent originated consisted of approximately 450 
to 650 pullets hatched annually in March and April. These were 
selected for high production and viability since 1933 with some intro¬ 
duction of stock from private breeders. Of particular importance in 
connection with this experiment is the extensive use made in breeding 
of the offspring of 3 males and 1 female from the strain developed by 
the Kimber Breeding Farms at Niles, Calif. An earlier report {10) 

f ave detailed information on the differences in size between the 
Limber strain and the University of California flock. The mature 
females of the Kimber strain averaged 10.28 cm. in shank length as 
compared with a mean of 9.59 cm. for the University flock. 

In 1938 when the present experiment was started, a considerable 

E roportion of the University flock had one or more of the four Kimber 
irds represented in their pedigrees. In December of that year the 
first measurements relating to tliis study were made. All full-sister 
families of five or more pullets originating from sires with a minimum 
of three such families were measured. In subsequent years the same 
procedure was followed, but the bases of selection of breeding birds to 
perpetuate the production line did not take these measurements into 
consideration. The production line can thus be considered as a 
control population, random-bred with respect to size. The exception 
to tihte statement lies in the fact that the foundation stock for the large 
size line was made ineligible to serve as breeders for the production 
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line. In this manner a minor degree of selection against large size was 
exercised in these quasi controls. 

The size line of 1939 originated from two males and eight dams. 
In the following years several dams not previously represented in the 
size line were introduced from the production line (four in 1940, and 
two in 1941). In the size selection all of the female offspring alive in 
December of their year of hatch were measured irrespective of the 
number of sisters in the family. 

The number of birds measured in each year in each line and the 
mean shank measurements appear in table 1 under the heading 


Tablk 1 .—Mean shank length for birds measured in each year in each line 




Total population 


Bestricted population 

Year 

Size line 

Production line 

Size line 

Production line 

ri 

Birds 

measured 

Mean 

.shank 

length 

Birds 

measured 

Mean 

shank 

length 

Birds 

mca.sured 

Moan 

shank 

length 

Birds 

measured 

Mean 
‘ shank 
length 



Centi' 


Centi- 


Ceuti- 


Centi- 

1938.. 

Number 

metern 

Number 

368 

meters 

9.69 

Number 

meters 

Number 

368 

meters 

9.69 

9.65 

1939-._.1 

84 

9.92 

274 

9.62 

84 

\ 6.92 

240 

1940. 

83 

9.94 

137 

9.65 

59 

9.89 

121 

9.69 

1941. 

100 

10.20 

346 

9.37 

61 

10.18 

346 

9.37 

1942. .. 

119 

10.29 

260 

9.46 

86 

10. 30 

256 

9.46 


^‘Total population/’ For the purposes of statistical analyses in 
a subsequent section those families which answered the require¬ 
ments of numbers as outlined for the production line were selected. 
The mean shank measurements for these birds also appear in table 
1 under the heading ‘^Restricted population.” The discrepancies 
between the number of birds in the two pK)pulations of the pro¬ 
duction line are due to the fact that in some cases measurements on 
all members of a family were not obtained, thus reducing the size of 
the family below the minimimi number set. Failure to obtain meas¬ 
urements on these birds was usually due to bumblefoot, an abscess on 
the ball of the foot, which prevented the application of the measuring 
device. 

The selection of breeding birds in the size line was based on progeny- 
arid sis ter-test data, and, within families of full sisters, on the pheno¬ 
type. Some effort was made to maintain in the size line the high egg- 
production characters of the production line, with particular emphasis 
on early sexual maturity. In order to maintain the economic qualities 
of the size line late-maturing birds (over 200 days of age at their first 
egg) were discriminated against in the selection of breeders. In spite 
or this the 1942 size line matured significantly later than the corre¬ 
sponding production line by 10.7±3.0 days (176.9 as against 166.2 
days). 

Males were selected entirely on the basis of progeny and sister 
tests. It has not been economically Mssible to keep all the males till 
niaturity, and the information on relation of early to mature 
shank length in these lines has not been sufficient to base the selection 
of males on their shank length at*6 weeks of age (the time when most 
males are culled in this flock). 

660364—48—3 
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It should be noted that the small increase in the mean shank length* 
of the fourtli selected generation over that of the thii*d (0.09 cm.) does 
not necessarily indicate an approach to a plateau. It so happens that 
one of the three sires used in 1942 had progeny averaging lower than 
the mean of the 1941 population (10.06 vs. 10.20 cm.). The number 
of offspring from the otner two sires (averaging 10.36 and 10.43 cm. 
respectively) was not sufficiently large to compensate entirely for the 
choice of this one male. 

As noted previously, the selection of breeders in the production line 
was independent of the measurements made. The amount of inbreeding 
in this line did not show any rapid increase in the experimental years. 
As an indication of tliis, the average coefficients of inbreeding of the 
sires of the restricted population were for the yeais 1938 to 1942, 
respectively, 4.13, 1.26, 5.94, 5.25, and 2.93 percent. Similar figures 
for the sires of the size line (restricted poulation for the years 1939 
to 1942) were 3.52, 7.55, 2.35, and 11.81 percent. A bettor indication 
of the increasing homozygosity of the size line is given by the inbreed¬ 
ing coefficients of the extreme variant families of sisters (with the 
longest shanks) in that line for each year from 1939 to 1942, which 
were respectively 3.13, 4.69, 7.47, and 15.95 percent. 


RESULTS OF SELECTION 

As table 1 shows, the four* generations of selection have undoubtedly 
been successful in increasing the shank length of the size line and 
differentiating it from the production line. 

There are at least two possible factors responsible for lack of even 
greater progress: (1) The small scale of breeding operations, and (2) 
the damping effect on selection for size exercised by the discrimination 
against late-maturing birds. A third possibility, although of much 
more speculative nature, is that the elimination of birds with bumble- 
foot had a similar effect, if there exists an association between size 
of bird and incidence of this defect. 

There is no indication that a plateau has been reached in the size 
line. It should, however, be noted that, as shown in table 2, the range 
of individual values in the size line has not been extended upward from 
that found in the production line. Furthermoie, the parent flock of 
the Kimber birds which were introduced into the University flock 
averaged, as has already been pointed out, 10.28 cm., a value nearly 
identical with the mean of the fourth selected generation. Although 
the four Kimber birds figure as prominently in the pedigrees of the 
current production flock as they do in the size line, it is probable that 
up to this point all that selection has accomplished is to reconstitute 
the original genotype for size of the Kimber flock. In contrast to this, 
Goodale (5, 6) was able by similar methods of selection to increase the 
size of mice considerably beyond that of the original range in his 
foundation stock. 

There are two important differences, however, between Goodale’s 
experimental project and the one reported here. In the first place, 
his size determinations were made on growing animals rather than on 
adults. It is possible then that some of the mcrease in size observed 
by him (but not all, as is obvious from his data) was due to a more 
rapid earlier growth rate. Difference in growth pattern independent 

mature size are known to exist. Thus Lemer and Asmundson (H) 
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described two strains of Leghorns equal in adult body weight but 
differing in weight during the early stages of growth. So far as the 
present data are concerned, growth-pattern differences are of no conse¬ 
quence, since previously gathered material on this stock {11) indi¬ 
cates that growth in length of the shank ceases considerably before the 
age at which the present measurements were made. 

Table 2. —Distribution of individual birds according to shank length by year and line 

(total population) 


Individual birds by year and line 


Shank luiigth (centimeters) 

1938 

1939 

1940 

1941 

1942 

Produc¬ 

tion 

lino 

Produc¬ 

tion 

lino 

Size 

line 

Produc¬ 

tion 

line 

Siz,o 

line 

Produc¬ 

tion 

line 

Size 

line 

Produc¬ 

tion 

line 

Size 

lino 


JVum- 

Num- 

Num~ 

Num* 

Num- 

Num- 

Num- 


Num- 

• 

ber 

ber 

ber 

ber 

ber 

ber 

ber 

ber 

ber 

S. 1-8.3 






1 




8.4“K.fi .... _ . 


2 




11 

. 

2 


8.7-8.U . - - _ 

b 

18 

1 

5 


33 


16 


9.0~9.2.. 

41 

35 

3 

28 

3 

91 


61 

1 

y.3-9.5.. 

95 

62 

15 

39 

0 

106 

4 

83 

5 

9.6-9.8.. 

115 

71 

15 

37 

25 

68 

16 

56 

20 

9.9-10.1. 

tW 

58 

26 

18 

16 

21 

27 

27 

20 

10.2-10.4.... 

35 

18 

15 

7 

22 

13 

30 

12 

28 

10.5-10.7. 

11 

7 

5 

2 

7 

2 

10 

1 

23 

10.8-11.0 .. 

3 

2 

4 

1 

1 


8 

1 

15 

11.1-11.3.. 


1 





2 

1 

7 

Total. 

308 

274 

84 

137 

83 

346 

1 

106 

260 

110 


The second difference between this and Goodale’s experiment lies in 
the considerably greater scale of Goodale's woik with many more 
generations and animals represented (28,000 mice as against less than 
500 pullets in the present size line). Whethei or not transgression of 
the original range can be achieved in the size line by further selection 
remains to be seen. Under Mathor^s (15) interpretation of the effects 
of selection on polygenically controlled characters, two series of 
advances in the diiection of selection are probable, the first as a result 
of recombination of whole chromosomes followed by a plateau, and 
the second trend upward as a result of recombination of genes within 
chi'omosomes. In the present material the advance has been con¬ 
tinuous and the reserve of genetic variance in size has by no means 
been exhausted (see below). Hence, it is likely that even the first 
phase of the progression described by Mather has not yet been 
completed. 

As an indication of the relation of shank length to body weight, it 
may be stated that the fourth selected generation weighed on an 
average at the time of measurement 1,903 gm., while the mean weight 
of the birds in the production line of that year was 1,666 gm. 

RESULTS OF CROSSES BETWEEN LINES 

Reciprocal crosses between the two lines were made in each of the 
last 3 years reported upon here. JThey were designed so that size-line 
females mated to a given production-line male were full sisters of the 
size^Iine male which in turn was mated to the full sisters of the above 
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production-line male. In this manner it was hoped to ciicumvent to 
some extent any possible effect of intraline interfamily variability on 
the results of the crosses. The mean shank length for each of the 
groups of reciprocal matings is given in table 3. It may be seen that 


Table 3. —Mean shank length of daughters resulting from reciprocal crosses between 
the production and size lines 





Daughters from— 


Year 

Sire 

Size-line dams 

Production-line 

dams 

Band‘No. 

Line of origin 

Birds 

measured 

Mean 

shank 

length 

Birds i 
measured 

Mean 

shank 

length 

.- . 

Size.... 

Number 

28 

Centi¬ 

meters 

0.00 

Number 

28 

Centi¬ 

meters 

0.66 

Production. 

11 

0.46 

11 

0.15 


Size_ .. 

26 

0.87 

21 

0.13 

.- W 

Production .. 

4 

0.53 

34 

o.6:i 

iMi. ii':::;;;;::..::;: 

Size__-. 

22 

10.02 

41 

9.67 

Production.. 

10 

0.31 

27 

0.14 

.te:;;::;:::;;::: 

Size. 

m 

10.06 

25 

0.34 

Production. 

! 26 

0.52 

1 24 

0.25 


in spite of the design of these matings the results were somewhat 
erratic, possibly because of the relatively small number of birds 
involved. The differences between reciprocal crosses in the 3 years 
are not always in the same direction. The grand mean of the 50 
hybrids out of size-line dams was 9.50 cm., while the 115 hybrids out 
of production-line dams averaged 9.47 cm. This suggests that neither 
major sex-linked genes nor maternal effect are involved in the size 
difference between the two lines. 

The Fi values appear to be closer to those for the smaller parent, 
but whether dominance or other types of nonadditive gene action is 
involved cannot be determined with the material on hand. The 
curious fact that the Fj values in the different years do not seem to 
reflect the increasing difference between the corresponding parental 
generations may be laid to the small ntimber of birds involved. 
Attempts to analyze the data of table 3 by Wright's {25) method of 
estimation of the sire's genotype did not lead to any more successful 
interpretation, and are not presented here. 

ESTIMATES OF GENETIC VARIABILITY 

The usual methods of estimating tlie portion of variance that is 
due to differences between genotypes of parents are based on the 
degree of resemblance between relatives. Lush {IS) has listed several 
such procedure's with particular emphasis on the one employing the 
intrasire regression of offspring on dam. In the material on hand this 
method could not be applied without sacrificing a considerable part 
of the data on tlie production line since not all dams used in this line 
fell into the restricted population measured (see above), and hence 
were of unknown phenotvpes. Furthermore, the separate contribu¬ 
tions of the sire and Ihe dam to the variance of their offspring cannot 
be evaluated by this method. Sex-linked genes, should any be 
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involved, would in the case of birds lead to underestimates of the 
degree of heritability, while maternal effects may on the other hand 
lead to overestimates. Nevertheless, when this method is applied 
to the restricted population of the size line, the degree of heritability 
is found to be equal to about 38 percent. This figure will be referred 
to again in a subsequent section. 

Another of the methods described by Lush, which involves the 
comparison of the offspring with the average of the population from 
which their selected parents originated, requires for its efficient use 
selections in opposite directions and the continuity of ancestois within 
each line. Neither requirement is met in this material. Further¬ 
more, neither the phenotypes of sires nor those of the population 
from which they originated are known. 

To arrive at an estimate of the hereditary variance in the different 
populations, it is possible to isolate the genetic variance between 
families of full sisters without resortinj^ to computation of correla¬ 
tions between relatives. The key to this metljod lies in the fact that 
mil of the eggs from all of the birds bred each year were incubated in 
the same machines, the chicks reared in the same brooders, and the 
pullets housed together irrespective of ancestry. Under this system 
whatever environmental effects arc present would operate entirely 
at random so far as the ancestry of the birds in any given hatch is 
concerned. In each year there were four hatches, but the representa¬ 
tion of birds of different families in the different hatches was pro¬ 
portional. Hence, there is no reason to believe that members of a 
family or of a line shared an environment more common than the 
members of the flock as a whole. Under these circumstances it may 
be considered that the differences between the offspring of different 
matings attributable to differences between parents are genetic in 
nature. To separate further the genetic differences between lines 
from those within lines, the size line and the production line m each 
year need to be handled separately. In this manner the total variance 
of shank length of full-sister families in each generation may be 
separated into 

1 . Genetic variance between lines 

2. Total variance within each line 

(1) Genetic variance within each line 

(a) Attributable to sires 

(b) Attributable to dams 

(2) Residual variance 

The latter (residual variance) includes the nongenetic variance and 
that part of the genetic variance wliich is found within families of full 
sisters. 

There are two possible objections to this method. The first of these 
arises from the fact that each dam was mated to only one sire within 
a given year. Hence the originally computed variance of offspring 
between sires includes also the differences due to the contributions 
of the dams. By calculating the variance of the offspring between 
dams within sires, the latter may be isolated. By subtracting the 
figure thus obtained from the original variance oetween sires the 
contribution of the sires may be assessed. 

The second possible objection may be raised by questioning whether 
some of the differences between dams are due to nonhereditary ma¬ 
ternal effects. Differences in nutritional content of ^gs laid by differ- 
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ent dams may conceivably affect the growth of birds originating from 
them. In mammals such maternal influence is obviously more 
extreme (cf. the previously cited work on swine or the report of 
Walton and Hammond {21) on reciprocal crosses between Shetland 
ponies and Shire horses). In birds this effect is not likely to be great, 
since it is known, for instance, that egg size, and hence the limitation 
of the nutritional supply in the embryonic stage, bears no relation to 
chick weight beyond 2 to 4 weeks of age {20), However, even should 
there be some such effect, the genetic portion of the variance of shank 
length within lines between full-sister families could be estimated in 
the absence of sex-linkage by doubling the portion of the variance 
attributable to the sire on the assumption that the genetic contri¬ 
butions of the two parents are equal. This follows from the fact 
that the value for trie sire is obtained by subtraction of the variance 
between dams within sires from the total interfamily variance, and 
thus is free from any possible maternal influence. As may be seen 
from the figures presented in table 6, twice the estimated contribution 
of the sire differs on an average by less than one-half of 1 percent 
from the estimated total interfamily genetic variance. 

ANALYSIS OF VARIANCE OF SHANK LENGTH 

Table 4 presents the complete analysis of variance for each year. 
The significant point in the analysis for the total population of each 
year is the great increase in the amount of variance due to differences 
between lines effected by selection. The increase is particularly 
notable in the last 2 years. As shown in the first line of table 5, in 
1942 better than AO percent of the total variance is attributable to 
interline differences. 


Table 4 .—Analysis of variance of shank length {restricted population) for each of the 

different years 


Source of variance 

1038 

1939 ! 

1940 

1941 

1042 

Oe- 
Rrces 
of free¬ 
dom 

Mean 

square 

De¬ 
grees 
of free¬ 
dom 

Mean 

square 

De¬ 
grees I 
of free¬ 
dom 1 

Mean 

square 

De¬ 
grees j 
of free¬ 
dom 

Mean 

square 

De¬ 
grees 
of free¬ 
dom 

Mean 

square 

Between lines... 



1 

4.44 

1 

8.69 

1 

34.21 

1 

46.37 

Within lines.-. 



822 

.188 

178 

.151 

405 

.168 

340 

.m 

Total. 



828 

.201 

179 

.171 

406 

.251 

341 

.310 

Size line: I 











Between sires..! 



1 

4.37 

2 

.370 

1 

.67 

2 

1.105 

Within sires. 



82 

.144 

66 

.116 

60 

.209 

83 

, 227 

Between dams. 



9 

.204 

6 

.033 

8 

.274 

8 

.878 

Within dams. i 



73 

.136 

60 

.126 

61 

.199 

75 

.206 

Total. 



83 

.194 

68 

.124 

60 

.217 

86 

.248 

Production line: 











Between sires. 

a 

0.146 

6 

.222 

4 

.076 

9 

.186 

7 

.086 

Within sires... 

361 

.190 

233 

.133 

116 

.143 

386 

.118 

248 

.136 

Between dams. 

8S 

.289 

26 

.398 

12 

.266 

37 

.840 

27 

.263 

Within dams. 1 

826 

.180 

207 

.101 

104 

.130 

299 

.086 

221 

.120 

Total.-. 

867 

.211 

289 

.186 

120 

.164 

846 

.169 

266 

.156 


The avefa|ge variance within lines remained fairly constant; that 
within the size line showed a moderate but irregular increase; that 
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within the production line decreased in every year from the variance 
of the previous year. It is possible that this reduction in variance is 
due to the elimination of potential breeders from families with ex¬ 
tremely long shanks by incorporating them into the size line, although, 
as may be seen from table 6, the decrease is not in the interfamily 
portion of the variance. 


Table 6.— Distribution of percentage variance of shank length {restricted population) 
for the years 19S9-42 


Source of variance 

1939 

1940 

1941 

1942 

Between lines-.... . 

Percent 

6.5 

Percent 

11.7 

Percent 

33.1 

Percent 

42.9 

Within linear 

Between sires..... . * 

22.4^ 

^ 10.9 

19.0 

9.7 

B^'tween dams ___ __ _ 1 

19.1 

3.7 

20.3 

10.1 

Bemainder ... .. 

.52.0 

73.7 

27.^ 

37.3 

Total____ _ . 

100.0 

100.0 

KKl.O 

1(H) 0 


Th(' figures for the more specific sources of variance are best ex¬ 
amined when placed on a percentage basis. They appear for the 
total population in table 5, and for each line separately in table 6. 
There is a considerable amount of variation from >ear to year in the 
portions of variance attributable to different sources. This is un¬ 
doubtedly due to sampling fluctuations, because the number of parents 
in each generation is small. Certain general trends may, however, 
be noted. Thus in th(‘. total population, as has already been men¬ 
tioned, the variance between lines shows a great increase. This 
increase is only in part at the c.xpense of the residual variance. 


Table 6. —Distribution of percentage variance of shank length within lines (restricted 
population) for each of the different years 


T/ine 

Tnterfninily penetic variance— 

1938 

1939 

1940 

1941 

1942 

Size - _ . 

f Atiributahle to .sire... 

Percent 

Percent 

24.3 

5.6 

Percent 

0 

0 

Percent 

3.6 

4.8 

Percent 
8 0 
7.2 

1 Attributable to dam.. 


Produet ion... 

1 Total... 

Attributable to sire . .. 



29.9 

0* 

8.3 

15.2 

5.3 

13.7 

31.7 

11.6 

9.1 

21.7 

24.8 

10.8 

11.8 

Attributable to dam.. 


Total .... 

14.7 

46.4 

20.7 

46.5 

22.6 


•Mean squares within dams within sires preater than mean error for total. The reduction in mean squares 
within sires from that of the total is 6.6 percent. 


The amount of interfamily genetic variance within the size line 
has decreased somewhat from the 29.9 percent observed in the first 
selected generation. There still is, however, at least half of the original 
variance present. Because of the sampling fluctuations it is impossible 
gfl-ge accurately what this means in* terms of furthtu* progress in 
increasing shank length. 

In the production line the amount of interfamily genetic variance 
fluctuates greatly. It is, however, likely that the genetic variability 
in this line has not changed significantly from what it was at the 
beginning of the experiment. 

Comparison of the contributions made by the dams with those made 
by the sire indicates a rather wide range of fluctuation. This may be 
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due in part to unwitting nonrandom mating within each line, and in 
part to the small number of parents. On the whole, however, it may 
be concluded that the contributions of the two parents are nearly 
equal. This substantiates the finding from reciprocal crosses that 
neither sex-linkage nor maternal influence are of great importance in 
the inheritance of size in this material. 

It may be recalled that the total genetic variance in the size line as 
computed by the intrasire daughter-on-dam regression method was 
38 percent. The average interiamily heritability in the same popu¬ 
lation is about 15 percent. The difference between these figures may 
be considered to represent the average intrafamiljr genetic variance. 
Undoubtedly because of the increasing homozygositv of the size line 
the true value of tips constant is higher in the early generations of 
selection and lower in the later generations. The small numbers 
preclude the possibility of making such estimates for each year 
separately. Therefore judgment on the extent of the reduction of 
the intrafamily part of the variance must be reserved. It is clear, 
however, that (1) shank length is highly hereditary, and (2) thff 
possibility of further increases in the average shank length by selec¬ 
tion in the flock has not been yet exhausted. 

SUMMARY 

A strain of Leghorns characterized by larger body size, as measured 
by mature shank length, has been established by selection from a 
production-bred flock. 

The method of selection employed involved progeny and sister 
testing and led to continued increase in shank len^h for four genera¬ 
tions. The range of individual shank lengths, however, was not 
extended beyond that of the original flock. 

Reciprocal crosses between birds from the line selected for size and 
birds from the production-bred flock failed to reveal either sex-linked 
factors or any maternal influence. 

Analyses of variance of shank length in the total population for 
each generation indicated an increase of the portion of variance 
attributable to the cflects of selection, rising to over 40 percent of 
the total variance in the last generation. 

The size line still has a considerable reservoir of interfamily genetic 
variability, pointing to the possibility of further increases in shank 
leqrth by family selection. 

Estimates of genetic variance of shank length within the Leghorn 
breed indicate that this character is highly hereditary. 
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LENGTH-OF-DAY BEHAVIOR OF NICOTIANA GOSSEI ‘ 

By H. A. Allabd 

Senior physiologislf Division of Tobacco Investigations, Bureau of Plant Industry, 
Soils, and Agricultural Engineering, Agricultural Research Administration, 
United States Department of Agriculture 

INTRODUCTION 

On June 21, 1939, seed of a native Australian species of tobacco, 
Nicotiana gosfiei Doinin. (fig. 1), was sent to the writer by Dr. B. T. 
Dickson, chief of the Division of Plant Industry, Canberra, Australia. 
The seed was collected by a native connected with the Finke River 
Mission Station, Hermannsburg, Northern territory, Australia, 
about latitude 24° S. 


EXPERIMENTAL DATA 

• To determine the response of Nicotiana^ gossei to length of day 
plants were first grown in the greenhouse during the winter of 1939, 
with artificial light to lengthen the short daylight period of winter. In 
this test, light from one 200-watt, 120-volt, clear Mazda bulb with 
R L M dome reflector was used from sunset until midnight, affording 
about 18 hours of unbroken illumination each day. This light sus¬ 
pended about 18 inches above the plants supplied an intensity of 200 
to 250 foot-candles. 

Seed was sown August 24, 1939. Germination occurred October 5. 
The tiny plants were pricked off and placed in 4-inch pots, on Novem¬ 
ber 28, then transferred to 6-inch pots January 12, 1940, when the 
tests began. The results of the tests are shown in table 1. 

Table 1. —Responses of Nicotiana gossei to the natural short days of winter in the 
greenhouse and to supplemental electric light from sunset to extend daily light 
periods to 18 hours 

[Seed sown August 24,19^; tests begun Jan. 12,1940] 


Light period and plant No. 

Budded 

Flowered 

Time re¬ 
quired to 
flower 

Height 

Natural day (lO-ll hours); 

1..... 

February 26. 

March 7. 

Day» 

S6 

63 

42 

42 

Inches 

44 

34 

42 

42 

2.. 

March 1. ... 

March is.-. 

18 hours; 

February 12 . 

February 23 _ _ __ 

2... 

_do. 

.do____ 





Under the conditions of these tests it was evident that with the add¬ 
ed light the internodes were shorter and the leaves more numerous 
and that flowering occurred 2 or 3 weeks eailier than for plants that 
experienced the natural lei^h of day oj wintertime. Since the light 
conditions of winter in the Washington region are rather unfavorable, 
tests were continued under the stronger summer sunlight alone. 


1 Beoelved for publication March 3, 1943. 
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Figi^be 1.—Inflorescence of Nicotiana gossei, about one-half natural size. Photographed March 6, 1940. 
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During the summer of 1940, tests were carried out under natural 
daylight for all the photoperiods except that of 18 hours. To obtain 
daylight periods shorter than the full length of day at Washington, 
D. C., ventilated lightproof dark houses were used. The plants were 
carried on movable trucks and run into these darkened houses on 
definite schedules each day to obtain the desired control of dayliglit 
exposures. 

Since the longest natural day from sunrise to sunset at Washington, 
D. C., is only 14.9 hours, in order to obtain 18 hours of continuous light 
each day the plants were exposed, from sunset, to Mazda electric 
lights from four 200-watt, 220-volt, clear, gas-filled tungsten bulbs 
with R L M reflectors. These four lights were mounted, one at each 
corner of a movable square metal frame, so that they were 3 feet apart 
from center to center of the sides of the fram^ This arrangement 
supplied a light intensity of 300 to 400 foot-candles, as measured by a 
Weston illumination meter, model 1746, equipped with a Viscor filter 
to obtain only visible radiation. 


Tabj.e 2 .—Responses of Nicotiana gossei to different daily light periods under 
natural summer daylight and supplemental electric light 

[Seed sown April 2ft, 1940; tests hepun June 201 


Liplit period and plant 
No. 

Budded 

Flowered 

Time 
required 
to flow’er 

Height 

Loaves 
to first 
flower 
branch 

10 hours .. 

Julv 31. 

8eptoiTilH*r 20 . 

Days 

92 

Inches 

3f^ 

Number 

32 

12 hours. 

July 12. 

July 28. ... 

33 

32 

' 18 

13 hours. 

.do .. 

July 29. 

39 

37 

2ft 

14 hours.. 

July 1 . 

July 23. 

33 

40 

15 

18 hours: 

1__ 

July ft.. 

July 17. 

27 

22 

12 

2... 

.do. 

.do.. 

27 

22 

14 

Full day: 

1... 

July 17... 

July 26. 

40 

40 

17 

2. 

.do. 

_do.... 

40 

40 

17 


Seeds were sown in flats April 26 and germinated May 7. The 
plants were pricked off into thumb pots June 11 and placed on the tests 
in 14-quart galvanized buckets June 20, when rosettes were 2 inches 
high. The results of these tests are shown in table 2. 

DISCUSSION AND CONCLUSIONS 

From the data of table 1, it will be seen that for the two plants 
exposed to the short natural days of wintertime an average of 59 days 
from the beginning of the tests was required for flowering, whereas only 
42 days were required for plants receiving 18 hours of ught each day. 

From table 2 it is seen that the shortened period of 10 hours, where 
only the summer sunlight was used, delayed flowering until September 
20, a period of 92 days from the begging of the test, June 20. Under 
the 18-hour photoperiod of this series, flowering took place within 27 
days; under the full length of day, flowering took place within 40 days; 
while the photoperiods of 12, 13, and 14 hours allowed flowering to 
occur within an average of 35 days (figs, 2 and 3). 

The delay in flowering sho^ by Nicotiana gosBei, in reality a 
species of long-day constitution, as shown by the previous tests, would 




























greenhouse at the Arlington Experi- 
ment f*™’^wngton, Va., dunng the winter of 1939-40. Seed was swn 

January 12, 1940. A, The two pla^s 
that in r^ppnse to the normal short winter day. These Slants 

^ <iayB after the tests were begun. Bt The two 

bwu» 0 ^ December 21, would be expected to delay floweiing. 
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The tendency of Nicoiiana gossei to hasten flowering in response to 
long days and to show retarded flowering in response to short days is 
strongly in contrast with the short-day behavior of the Maryland 
Mammoth strain of Nicoiiana iabacum. The genus Nicoiiana is 
mainly a group of day-neutral species that flower readily whether the 
days are long or short. With the exception of the somewhat anomalous 
Maryland Mammoth strain and a few others showing similar behavior, 
the writer has found all the commercial varieties of iNicoiiana iabacum 
studied to be day-neutral in their flowering requirements. Likewise 
the species Nicoiiana rustica may prove to be a day-neutral assemblage. 

It IS of interest to note that, were it not for ocean banners, Nicoiiana 
gosseif on the basis of its len^h-of-day requirements, could well have 



Fioure 3 .—Nicoiiana gossei ^rown under different photoperiods during the 
summer of 1940 at Arlington, Va. Seed was sown April 26, and tests were 
begun June 20. The plants responded to the various day lengths as follows: 
10-hour day, budded July 31, flowered September 20 at 36 inches; 12-hour day, 
budded July 12, flowered July 23 at 32 inches; 13-hour day, budded July 12, 
flowered July 29 at 37 inches; 14-hour day, budded July 1, flowered July 23 at 
40 inches; 18-hour day, budded July 6, flowered July 17 at 22 inches; full 
day (0» budded July 17, flowered July 26 at 40 inches. Photographed July 25. 


become a continental species with a range into much higher latitudes, 
provided Other climatic and habitat conditions were favorable to its 
survival, 

Maryland Mammoth tobacco, on the other hand, represents the 
opposite tendency, and is better adapted to a distribution into lower 
latitudes if its natural survival depends upon successful seed produc¬ 
tion before frost. This inherent requirement of the Maryland Mam¬ 
moth variety for shortened days has called for special methods of 
handling and, in order to obtain seed to preserve the strain from ex¬ 
tinction^ various expedients have be^ resorted to. The rootstocks in 
some instances have been carried into the greenhouse, where flowering 
readily takes place in response to the short winter days, or the plants 
have been grown in movable containers and given artificially shortened 
days in darkened rooms or cellars. Lastly, the plants have oeen grown 




in more southern latitudes of the United States, where they can !S|ower 
naturally out of doors before destructive frosts occur. 

It may not be irrelevant to state here that seeds of Nicotiana goasei 
show a very pronounced rest period after harvest, before germination 
takes place. 

Seed harvested and sown thickly on the same day, September 6, 
showed only a single terminated plant on October 10, whereas seed 
harvested in the greenhouse Marcn 19 and sown September 6 showed 
13 plants germinated and others appearing on October 10. The seed 
of March 19, although sown at intervals throughout the summer, gave 
no germination until the sowing of September 6 was made. 


SUMMARY 

The flowering of Nicotiana gossei Domin., seed of which was ob¬ 
tained from Northern Territory, Australia, is favored by long days 
and delayed bv short days. 

Artificial light supplementing the naturally short days of the winter¬ 
time at the Arlington Experiment Farm, Arlington, Va., greatly' 
hastened flowering. 

Reducing the daily light exposures in summertime by means of 
darkened houses delayed flowering. 

The seeds of Nicotiana gossei require a long rest period before vigor¬ 
ous germination can occur. 

A majority of the varieties of Nicotiana tabacurn are day-neutral 
plants, and the Maryland Mammoth variety and a few other Mam¬ 
moth strains are the only ones in this assemblage at present known 
definitely to require short days for flowering. 

Nicotiana gossei] on the other hand, so far as known at the present 
time, is the only species in which flowering is very noticeably hastened 
by long days. 
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THE STRUCTURE AND GROWTH OF VIRGIN BEECH- 
BIRCH-MAPLE-HEMLOCK FORESTS IN NORTHERN 
PENNSYLVANIA ‘ 

By H, Authuh Meykh, anKiatant profcanor of forestry, and Donald D. Stevenson 
professor of forest research, Pennsylvania. Agriruliural hlcperlment Station 

INTRODUCTION 

Of the viigin be(M‘h-bir(*li-inap]e-hemloc*k for(*sls which formerly 
occupied large sections of northern Piuinsylvania and southern New 
York only remiuinls now remain. The bet^r known of these in 
Pennsylvania, namely, Hearts Content, the Tionesta Tract, Cook 
Forest, and tln^ Oanoga Oien area of the Kicketts estate, have bi^en 
or are being set aside as parks and scenic areas for public recveational 
us<\ and as laboratories for the sci(‘ntific study of tin' composition 
and stiTictine of this forest type. A nuipber of investigators have 
studied the composition of the Hearts Content, Tionesta, and Cook 
For<‘.sts ^ as w(‘ll as the general ecological n'lationships of 

this forest type (^5, 6), The*- discovery of s(‘V(‘ral additional virgin 
stands in Bradford and Sullivan Counties and a knowledge of the 
vh'gin forest tracts ovvikhI by the Central Pennsylvania Lumber 
(^oinj)any near Shetheld, Warren County, led the writers to undertake 
an investigation of the sti*ueture and growth of virgin forests of this 
type, since data of this sort supply the forester with basic information 
in the manugenn nt. of un(‘ven-aged stands. Further, it was the desire 
of the writers to obtain fu'ld data of the smaller Bradford and Sullivan 
Ck)unty tracts and the Central Pennsylvania Lumber Company 
holdings l)efore they were logged off. Stand tabl(‘s of such tracts are 
iri'eplaceable and are a valuable source of information for further 
comparative studies of the virgin forest, 

Tlie structure of fon^st stands has to do both with composition and 
with diameter distribution. Mi^yer (7^), Schnur (75), and others inves¬ 
tigated diamet(*r distributions in even-aged stands. They employed 
statisticaJ methods to produce harmonized stand tables for each tree 
species. Such an application is of valut' in tln^ construction of yield 
tabl(*s. Diameter distributions in uneven-aged forests have been 
studied especially by (h‘ Jaocourt (i^) and Schaeffer, Gazin, and 
d’Alverny (14) in France. The hitter applied the well known graphical 
J-shaped distribution curve for uneven-aged forest stands to the 
management of selection forests. More recently diameter distributions 
of selection forests ip Switzerland have been represented by an ex¬ 
ponential function. This method was also applied to virgin fopsts in 
Mexico (10f 11), Hough (3) found that diameter distributions of 
virgin foi’ests in northwestern Pennsylvania show trends similar in 
form to managed selection forests in fiurope. 

‘ Keceivoii fur publication July 38,1912. 

* Italic numbers in parentheses refer to Literature Cited, p. 483. 
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The application of the results of this study will not be discussed in 
this paper. It miglit be pointed out, however, that a knowledge of 
the balanced structure of an uneven-aged forest is of great importance 
for practical management. Failure to take into account the desired 
normal stnieture of a forest, a stnudure which ^should be secured and 
maintained in onhu' to achieve the goal of sustained-yield management, 
often leads to a gradual dejdetion of the growing stock. Data derived 
from a study of the structure of virgin forests represent a valuable 
basis for an apnraisal of the normal growing stock of un<‘vcn-aged 
forests. Such clata should be sceur(‘d before the last r(‘innants of 
virgin stands in many sections of tlie country disappear forever. 

EXPERIMENTAL MATERIAL 

The loeation and a V*neral description of the virgin stands inelud<‘d 
in this study are given in table 1. The stand tables have Ix^ni compiled 
and publislied in the form of a mimeographed resear<*h note ^ in ordc'r 
to be available for future reference. In table 2 are listi'd some of the 
more important characteristics for each stand which can h(‘ numeri¬ 
cally evaluated. A total of 419.2 acres of virgin stands wen* calipered 
The distribution of volume by diameter groups (small, nu'diiim, and 
large timber) varic's eonsiderably, though each stand shows what is 
called a balanced distribution of nnmber of trees l)y diamc^ti'r (‘lasses 
It is apparent that the vedume distribution by diameter groups follows 
a ci'rtain pattern, but (mly through a systematic analysis will it b(‘ 
possible to (ducidate this variation in the structure of th(‘ virgin forests 
studied. 

In computing the cubic foot volume of (he various stands om* com¬ 
mon volume tabic Was applied to all species. A pndiminary (‘xamina- 
tion of volume per tree and by sp(‘ci(»s revealed no significant difieiTiice 
betw(‘en the volunu's at different localiti(»s, or Ix^weiMi the various 
species of hardwoods. A common volume table* for all hardwoods and 
one volume table for In'mlook was then establish(*d It so happened 
that these two volume^ tables in turn show(*d no significant difference; 
one common volume table was th(T(*fore established for all sp(*cies, 
as shown in table 3. In spite of the fact that the differences between 
the various volume tables originally established were statistically 
not significant, it must be admitted that larger samples of height 
measurements would probably have shown that some of the observed 
differences between certain species and localities actuallyare significant. 
However, for the comparison of the structure* of the various virgin 
stands in terms of cubic feet it is decid('dly an advantage to apply 
one and the same volume table to all species and all stands, since the 
results of the data from the various stands can then be compared 
more easily. It should also be said that the yield from cuttings made 
in these stands would hardly coincide in all cases with the anticipated 
cubic foot volume per tree, since the actual degree of utilization varies 
quite widely from one operation to another. 


» YOWBaKI, J , ttncl Meyer, n A. BTANP tables m VlBt,lN BKECtt-BlRlll-MAPLF'nEMKX'K FOREST'S 
Cr. StRto ForPflt School Eo»i Paper 3. 1942 fProceivsed.] 



Die, 15,1^43 jbeech-Btrc^-Maple^Het^ * 467 


Table J. —General description of virgin stands included in study 


Designation of tract 
and lo(;ation 

Stand 

No. 

Area 

Location and descrijnion 



.'lores 


McClure: I.. 

Ilm: 

1 

12.2 

In Bradford County; isolated farm woodlaud. 

1. 

O 

14.4 

lln Sullivan County; farm woodland, rocky site, with northern 

TI . 

3 

10.8 

J asiMsct. 

Kioketia: 




III . 

4 

9.4 

H)n Wyoming and Luzerne County Jiih' in bottom land along 

1 Kit(5hen (’reek. 

IV „ .. 


5.0 

Hightmeier; 




landir . 

fi 

11.7 

lln Sullivan Countv; farm woodlanfl along creek and on gentle 

Ill. 

7 

17.« 

/ sloi)e, deep soil. 

IV. .. . .. 

8 

13.5 


V.. 

9 

22.1 


vr. _ -. 

H) 

9.7 


(\ P. L. Larson: 

jin Warren (’ounl>; on ijpi.*flifl .';i1e with wcslern aspect. 

T . 1 

II ... 

a 

12 

34. n 
' 4 ; 

(\ P. L. Dunham; 

j 


I. 1 

13 

.mo ! 

1 

11 . .. 

1 ].i 

21.5 j 

(In Warren ('oiinty, moderate to steep slope with easuirn 

Ill . . 

1 15 

15.3 ' 

( asixTl. 

IV.1 

1 in 

32.3 ; 

J 

'I'ionestu: 


1 


a , ... i 

i 17 

12 5 1 


lU - - 

IS 

11.2 ! 


IV-A . - i 

: 19 i 

15.1 1 


IV-P 

' 2(j 

14 fi j 


. 

21 

10. n 

III .scenic area of Tionesfti forest along both sides of (’herry 

VI . 

i 22 

14.3 i 

('r<H‘k, mostly deei> and wet soils. 

Vll .. ... 

‘ 23 i 

21.4 , 

Via .. -1 

; 24 1 

9,2 i 


IX .! 

1 Mr, ; 

24.2 . 


.i 

' 2(1 

11.4 ; 



Tamlk 2, --Nvrnericat characteristics of individual siandSf material 7 inches and over 


Stand No. 

Area s 

'I'rees 

per 

acn> 

Volume 
per acre 

Distribution of volume by! 
diameter groups (inches) | 

.. —! 

Tto 13 il3 to 21! j 

; i ! 

1 

k - 

I b* 

! 

Propor* 

I tion of 
hejnlock 
stems 

1. 

Acren 

12.2 

Nu mhvT 
86,1 

('nbk feet 
3,072 

Percent 

2H 

Percent 

33 

Percent 

39 

0.14;i 

33 

31 

Percent 

20 

2.-. 

14.4 

89.2 

4,130 

18 

37 

45 

.114 

24 

33 

11 

3. 

10.8 

78,3 

4,171 

13 

41 

46 

.072 

12 

31 

6 

4,.. . 

9.4 

89.4 

3,097 

27 

45 

28. 

.176 

.53 

35 

14 

5. 

5 0 

97.6 

5,313 

14 

31 

55 

.088 

18 

33 

46 

6,. .. ... . 

11.7 

98.4 

3,699 

25 

41 

34 

.146 

41 

31 

25 

7. 

17.6 

113.6 

4,226 

25 

44 

31 

.145 

47 

31 

25 

8. 

13.5 

103.2 

3.910 

24 

40 

30 

. 140 

40 

31 

21 

9. 

22.1 

92.0 

3,862 

20 

44 

:m 

.122 

28 

31 

14 

10. 

9.7 

63.4 

2,156 

29 

45 

2tt 

.ISO 

41 

33 

21 

11. 

34.6 

77.8 1 

4,681 

12 

29 

69 

.071 

n 

33 ! 

46 

12 .... . . .. 

7.4 

101.4 1 

5,314 

15 

38 

47 

.079 

17 

31 ! 

45 

13. 

36,9 

60.9 

4,331 

11 

29 

60 

.073 

10 

.35 

64 

14.... 

21.5 

56.9 

3.427 

11 

35 

64 

.086 

10 

.35 

33 

15.. 

If). 3 

65.7 

2,742 


34 

4.5 

. 136 

23 

36 

32 

16..- 

32.3 

74.0 

3,593 

17 

27 

6fi 

.116 

19 1 

37 

51 

17. 

12.5 

66.8 

3.110 

17 

41 

42 

.1.60 

30 

41 

24 

18... 

11.2 

73.3 

3.544 

17 

33 

50 

.137 

27 

39 

40 

19-. 

16.4 

94.2 

4,608 

19 

29 

53 

.131 

31 

39 

83 

30. 

14.6 

84.7 

6,356 

11 

; 24 

66 

.092 

16 

39 

50 

21. 

10.6 

82.1 

4,928 

13 

26 

61 

.102 

18 

39 

41 

22. 

14.3 

76.4 

6,040 

11 

22 

67 

.083 

12 

39 

38 

28.. 

21,4 

81,1 

4,064 

16 

34 

.50 

. 128 

26 

39 

25 

24. 

9.2 

88.6 

6,067 

16 

23 

61 

.103 

19 

30 

27 

35.. 

24.2 

80.3 

4,293 

15 

33 

.52 

.134 

31 

41 

26 

26,....'. 

11.4 

72.3 

4,733 

12 

33 

65 

.118 

20 

41 

38 


^ Total, 419.3 acres. 

2 See text for further explanation of these coefliclents. 
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Tabi.k 3.--' Common heal cubic foot volume table * 


Diameter at braaat height (laches) 

V'(jluin« • 

Diameter at breast heiirht (ineJies) 

Volume s 

•' - ' . 

X 

Cubic feet 

9.315 

W . 

Cnhk fcH 
214.3 
249 9 

10 ... 

15.83 

.32 . . . 

12. 

24,:« 

34. 

288.4 

14.-. 

35.14 

. . 

330.3 

16... .. 

48.2;i 

3K. . 

375.5 

18.. 

63.7H 

40 .. . . 

424.1 

.20.. . , .. 

81. IK) 

42., ... 

476.1 

■22. 

102.7 

44 

531.0 

24. 

126.2 

46.. . 

.51H). 8 

261. . 

152.6 

48 .... 

6.53. 5 

28... 

JK2.0 1 

50 ... . 

720.0 


‘ Lotraritbraiu voliiriK* oquation log X-’®—1,173H2.H724 log />. 
* ladufies stuitip and baik> hut no Jimh wood. 


Tho finally acx'oplod local cubic foot volimio table was ploticxl 
on logarithmic paper and a straight line was fitted to tli(‘ points. 
The constants a and b of the logarithmic volume equation log V^a 
4*6 log are given in table 3. 

THE STRUCTURE OF THE VIRGIN FOREST 

DISTRIBUTION OF NUMBER OF TREES BY DIAMETER (CLASSES 

A virgin forest or a virgin stand capable of maintaining its volume 
must show a balanced distribution of number of tret's by diameter 
classes. The actual growing stock of a fon'st can b(‘ hiaintain(‘d 
only if the trees which are dying ev<Ty year arc continuously being 
replaced by trees moving up from the lower diameter classes. It is 
therefore necessary that the number of ti'ees in successive diameter 
class(*s decrease gradually with increasing diameters. In making 
this statement it is assumed that diameter increment is a slow- 
changing function of diameter at breast height, whieb is known to 
be true. An examph' of a well-balanc(d dianuqer distribution is 
graphically showm in figure 1, To characterize the structure of an 
uneven-aged forest. m(‘ans to describe mathematically the form of 
the distribution of trees as a function of diameter at breast height. 
It has been found {10, JJ) that this distribution can adequately be 
expressed by the distribution function. 

(// - he-^^.dX, 

where k and a are constants, stands for diameter at breast height, 
and e for the base of the natural logarithms. lI])on t,aking logarithms 
it is seen that the loprithm of the number of trees is a linear function 
of diameter. By plotting the stand table of a forest on scmiiloga- 
rithmic paper in -tenns of diameter, we therefore obtain a straight 
line, It may also be stated tliat the number of trees in suex^essive 
diameter classes form a geometric progression the ratio of wdiich 
is found to be where h is equal to the width of a diameter class. 
The French forester de Liocourt, who was working with uneven^ 
aged selection forests, was the first to recognize this important fact. 
For numerical work, it is more convenient to describe a given dis- 
iribution in terms of the exponential function given above. 
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The (Coefficients a and k ha ve been determined for every stand listed 
in table 2. A g^raphi(*al rt^prc'scntation of each distribution was made 
on semilogarithinic papcu* in order*to judge whetlior each of the (cali¬ 
pered areas showeed a distribution sufficiently balanccHi to be us(hJ in 
this study. No areas ealipi‘r(‘d wvr(' rejected, although it iniglit have 
happen 0(1 that too small areas had beem tak(Ui as units, which would 
have result(‘(l in too (Uratie a distribution to Ix' used in this kind of 
work. 



FieuRE 1. - Distribution of trees in stand No. 23, 

Tione.sta scenic area, 21.4 acres. 

Before the coefficu*nts a and k can be calculated it is necessary to 
determine for each stand the upper diamett^r limit b of the distribu¬ 
tion. Regarding the determination of this uppeer limit it must first 
be stat(xi that the number of trees in the last highest diameter classes 
drops off rather abruptly and the points representing the number of 
trees in these highest diameter classics fall below the straight line that 
indicates the principal course of the distribution. In order to be able 
to define an upper limit of the distribution given in terms of the ex¬ 
ponential function, the trees of the last few diameter classes are com¬ 
bined in a lower class in 8U(;h a way that the plotted logarithms of the 
number of trees in tliat last class fall within the general trend of the 
distribution (fig. 2). The upper boundary of tms new last class is 
taken as the upper limit of tne distribution. In combining the trees 
of the last few classes, the actual basal area of these trees is first calcu¬ 
lated; it is then determined how many trees of a diameter corre¬ 
sponding to the midpoint of the last class are reqiiii'ed to make up the 
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same total basal area, and this number is taken as the frequency of 
the last class. 

Having determined the upper limit h of the distribution, the char- 
acteristic coefficients a and k are determined for each stand by the 
method of least squares. The stand tables are used m then original 



Fioubb 2.—Number of trees represented on semilogarithmic paper, stand No* 
23, Tionesta scenic area, 21.4 acres. 

form, without first calculating the number of trees per acre. Writing 
the equation 

in logarithmic form, 

log r=Iog jfiC—a.Xlog € 

a straight line is fitted to the logarithps of the frequencies F. The 
sW^hto of log 1" are taken as equal. Details of the numerical com^ 
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putation of a and k are shown in table 4, In the given example the 
coefficient K refers to an area of 21^.4 acres. If the number of trees had 
first been divided by 21.4 acres it is* easy to see that K would be 1/21.4 
of the original K. We therefore divide K by the acreage, obtaining a 
new coefficient which shall be designated by F. This coefficient refers 
to an area of 1 acre, in the sense that gives directly the 

calculated number of trees in a given 2-inch diameter class. However 
since we wish to write the frequency distribution in the customary 
form (i^—k.€ so that 

fx, 

I k.e-^^dX 

represents th(» number of trees in a given diameter class with lower 
and upper limits A'l and Ao, it is necessary to determine a new and 
final value k from A*', sii(‘h that ^ 

*/Xi 

In this expn‘ssion Ao" fe(-Yj + A' 2 ); the forniiJu for computing k is 
easily found to bc^ as follows, if the width of the diameter classes is 
equal to 2 inches: 



or, approximately, 


Taulk 4r -Conipntafion of roeJlficiefttii a, k, and h which rharacterize struclure of 
mrgih ttlaiid; stintd Xo, '2S, Tionesfa scenic area, >21.4 acres 


.. 

niaiuo(t*r at breast height (,V) j 

Number 
of lre(\s 

O') 

log y 

AJ 

... 

xlug y 

8.. .' 


2.6,60 

04 

20.400 

10.1 

205 

2. 470 

m 

24.700 

12 . . 

202 

2. 418 

144 

29.016 

14. 

200 

2. 32t) 

190 

32. 480 

10- . . ..- -. 

160 

2.170 

250 

34.8X6 

18.. .. _ ., 

124 

2.003 

324 

37.074 

20 .. - . ... .. .. - 

85 

1.029 

400 

38.580 

22. 

06 

1.813 1 

484 

39.886 

24 .. ..-. 

62 

1.710 

576 

41.184 

2». . -. ; 

44 

1.643 

070 

42.718 

28..- . 

27 

1.431 

784 

40.068 

30. . 

24 

1.380 

000 

41.400 

32 . .-....J 

10 

1.279 

1,024 

40.025 

34. - - I 

16 

1.170 

1.160 

39.084 

30. - -. .. 1 

> n 

1.041 

1,296 

37.476 

Total ..-. 

1,737 

27.435 

8,380 

541.310 


> In the original stand table there were 4,1. 4, 1 trees in the diameter classes 3(1, 38, 40, 42 resf)ectively. 
The total basal area of these trws is e<iual to 80.70 square feet. Tht? basal area of a SHdneh tree being equal 
to 7.07 square feet, we find an equivalent of 80,70/7.07=*11 trees for the 3t}*inch class. 

Normal equations: N log A'-a log e S .V«S log Y (1V«15) 

log K S X-o log « S X»*2: X log 1 

The solution of the normal equation gives o »0. l^ A' **1127.1 

therefore it'»1127.1/21.4«= 52.67 and by formulae fc*=a fc7(e*~e-«)"-&72»26.3 

Upper limit Of distribution fe«»87 inches. 
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ANAI.YSIS OF VARIATION IN flTRUCTUHE 

When the miniorical cliaracltTistics of the various virgin stands arc 
compared, it is evident at once that there exists a close relationship 
between th(‘ coefficionts, a and k. For a given value of a, which 
detennines th(‘ rate at which the niiinber of trees diininislnss in suc- 
ceSvSive diameter classes, higher and lower values of k indicate' a higher 
or lower relative density between these stands. It is clear, thereiore, 
that when values of (i are low, whi(Ji results, in a relatively large 
amount of heavy tiinbiT, the relative density in number of trei'S per 
acn* must be small. The high correlation betw(*('n thest' two coeffi¬ 
cients is apparent from figure it. Th(‘ co(‘fficient of corridalion is 



0 20 40 60 80 100 120 140 160 180 200 

VALUE OF a IN THOUSANDTHS 

Figure 3.— Relation between the characteristics a and A\ 


equal to 0.9147. Large values of a are associated with large values of 
fc. This is of special importance for the further evaluation of the data, 
since it enables us to calculate gradually differing (liameicu* distribu¬ 
tions within the range of the possible balanced structures of vi^iii 
forests of the beech-birch-maple-hemlock type. Similar correlations 
between the two coefficients a and k have previously been found for 
virgin forests in the higher altitudes of Mexico and for managed 
selection forests of Switzerland (/0, 11). It is possible, then, to calcu¬ 
late gradually differing balanced structures of virgin forests by de¬ 
termining the number of trees by diameter classes for distributions 
characterized by corresponding values of a and k. From the resulting 
stand tables it is easy to determine the distribution of basal area, 
cubic foot volume, or board foot volume. At the same time it is also 
to determine for each pair of the values a and k the eorre- 
/Sending value of 6, the upper limit of the distribution. The coite- 
ipondmg value which indicates the proportion of hemlock for the 
imulting type^ of distribution may also be determined. 
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In determining corrospouding values of thcvse various character- 
istics, it is important to realize that no single characteristic may be 
regarded as a dependent, variable* In order to reduce the coefficients 
to a comparable scale, it is necessary first to expr(‘ss them in devia¬ 
tions from their respective mean and in units of their standard devia¬ 
tions. Considering for the the moment only two coefficients, the values 
obtained may be plotted in a system/)! rt'etangiilar coordinates and a 
straight lino fitted to the plotted points so that the sum of the squared 
perpendicular distan(*(‘s of these points from the line becomes a mini- 
mujti. Working with three coefficients, a system of rectangular 
coordinates in thrc'e dimensional space would have to be usihI, and the 
lim* would have to be fitted to a cluster of points in space, again in 
such a manner that tlu' sum of the squared residuals from the line 
would become a minimum. Through analogy, the idea may be 
(‘arried ov(‘i* into four dinu'nsionul space, if sc^s of four coefficients are 
to b(‘ compared, as in the pre^sent ease. The techni(|ue of fitting lines 
in /y-(Iim{‘nsionaI space' is well dcvelope'd and adequately described 
(‘Isewhere (t, 2,7). In the following outline of tlu' various ^teps to be 
follow(*(l in the computational work only a few comments and explan¬ 
ations will be given. For |)r(‘se!Uation of the tlu'ory of the method 
tile reader is relVrred especially to the- paper of Ke'tulall (7). 

Designating tlu^ characteristics a, /*, h, and the proportion of hem¬ 
lock by Xu -V 2 , X'i, and .V 4 r(*spectively, the correlation coefficients 
^i 2 i eto.'^ are first calculatt'd. TUo numerical values of the correla¬ 
tion coefficients are as follows: ri 2 —0.9147; ri3-'0.07ir); —0.5009; 

—0.1581; /' 21 ——0,0151; ^ 34 —0.2094. While some of the cor¬ 
relation coefficients are not significant, others are signitieant and highly 
significant. Since the structures of a stand is mainly d(*tennincd by 
tlu' two coc'fficieiits a and k\ the high correlation existing between 
th(*se two coefficients should be especially noted. The fact that the 
correlations between the coefficient h and the other characteristics is 
low is of minor importance because it merely indicates that the upper 
limit b of the diameter distribution varies only within narrow limits. 
The correlations between the proportion of hemlock and a, t, and b 
respectively are not high, indicating that for a given type of diameter 
distril>ution the proportion of hemlock may vary considerably. 

The equation of the straight line to be fitted io the observed points 
lying in a four dimensional space is written in the following form: 

li I2 h h 

wdiere Xuir-i, as, and ^4 represent the four characteristics expressed in 
deviations from their mean and in units of their respective standard 
deviations; the symbols lu 4 , 4,4 represent the direction cosines of the 
line. The line passes through the origin of coordinates. It can be 
shown that the line fitted by least squares as indicated above must 
actually pass through the point repres^sentii^ the weighted arithmetic 
averages of the various characteristics. This point may therefore 
rightfully be taken as the origin of coordinates. As soon as the 
direction cosines are known it is possible to calculate the coordinates 

* Stow the areai*' of the variouii stands diffem it. these coefficients were calculatcwi by the formula 
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! for suc/cessive points lying on the line by assigning to either one of 
the four variables a series of values lying within the range of those 
actually observed. After expressing these values as deviations from 
the mean and in units of the standard deviation of the respective 
characteristic, a set of values of one selected variable, say Xi, is 
obtained. The corresponding values of foi* example, are obtained 

by multiplying the value of Xi by the ratio The resulting values of 


Xi must finally be transformed back into the original units. The 
corresponding values of x^ and ^4 are found in a similar manner. 

As shown by Kendall (7), the least square solution for the direction 
cosines leads to the following equations: 


1 X 

f'u 

rn fu 

\ 

f'y.: 

1- X 

^ n ^ 24 

r^i 

?'22 

1 ~ X 

T]4 

^• J 4 

/■ai 1 

i.d 

■ X) -f 4^1.1 r /4 ^’h“ 0 


l\r 12 -l 1 -- X) -I' ‘ 0 

^2^2!! T ‘ X) ■j' 


(2i 


/4n ‘ X) --0 


The homogeneous etjualions ( 2 ) (‘an b(‘ solv(‘(l as soon as w(‘ know 
the multiplier \ whii^th is obtained from th(‘ characteristic equation ( 1 ), 
represcmting an equat ion of the fourth d(‘gr(‘(‘ in X. Of the* four possible 
solutions, the largest value of X must be substituted it) equations (2). 
It is obvious that the direct computation of X becomes v(‘ry laborious, 
if not impossible, as the order of the matrix in(*r(‘as(^s. Through the 
application of an ingenious method of successive approximations, it 
is possible, however, to avoid altogether the s(‘parate evaluation of ( 1 ). 
The procedure explained by Hotcdling (/, 2) is as follows: Multiply 
tbc row of the matrix of the eorndation eo(*ffiei(‘nts by an initial set 
of trial values, these being equal to plus or minus 1 . Since in the 
present example some of the corndation eoc'ffieients are negative, the 
trial values for tlu' first, second, third, and fourth row are taken as 
1 , 1 , -- 1 , and —1, r(‘spectiv(‘ly. After multiplying successive co¬ 
efficients in every row by succ(^ssive trial values (by starting for each 
row with the first trial value)® and adding the results, divide the 
sums obtained for ea(!h row by the largest sum obtained. The 
^suiting (Quotients arc takem as the new trial values and the procedure 
is repeated by multiplying the new trial values with the original matrix 
until the quotients become stationary. The first two and the last 
two steps of the computation arc shown below. In actual practice it 


* In other words, the writers would multiply the matrix of the eorrelatlon coefficients wit h the one colmnij 


matrix 
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is, of course, not necessary to writ(‘ down each individual product 
when using a calculation machine.^ 


1 

. 9147 

. 0715 

-. 5669 


Kirst 

trial 

value 

1 

. 9147 

t 

1581 

-.6154 


1 

.0715 

- . 1581 

1 

. 2694 


-1 

5669 

6154 

. 2694 

1 


- 1 

K 0000 

. 9147 

-. 0715 

. 5669 

2. 4101 

Se(‘ond 
trial 
value 
. 8965 

. 9147 

1. 0000 

. 1581 

. 6154 

2. 6882 

1. 0000 

.0715 

1581 

-1. 0000 

-. 2694 

1. 3560 

5044 

. 5669 

- . 6154 

2694 

-1. 0000# 

-2. 4517 

9120 


9607 

. 9147 

0159 

. 4814 

2. 3409 

Twelfth 

trial 

value 

.9608 

8788 

J. 0000 

. 0351 

. 5226 

2. 4365 

1. 0000 

0687 

1581 

- . 2217 

2288 

5399 

2216 

5446 

“ . 6154 

- . 0597 

8492 

-2. 0689 

-. 8491 

9608 

. 9147 

0158 

. 4814 

2. 3411 

Stat ioriary 
quotients 
. 9609 

8788 

1. 0000 

. 0350 

. 5225 

2. 4363 

3. 0000 

0687 

1581 

-. 2216 

-. 2287 

. 5397 

-.2215 

5447 

. 6154 

0597 

8491 

-2. 0689 

--. 8492 


In the pn‘S(‘nt case 13 successive iterations were necessary l)efdre 
the (piotients hecaine stationary. The convergence can be substan¬ 
tially increaseil by scjuaring the matrix of the correlation (coefficients 
and applying the proc(‘ss of successive approximations to the squared 
matrix. Tin* stationary (juotients finally obtained are not yet the 
desired dirccction cosines but represent iiumbc'rs which are propor¬ 
tional to tht^i. Since* the sum of the squared direction cosines must 
be equal tn 1, (liese are found by squaring the (piotients 0.9609,, 
1.0000, --0.2215, -0.8492, taking the square root of tin* sum of these 
squares and dividing the result into the stationary quoti(mts. In 
the present example we obtain 


Stationary 

quotients 

9 

9® 

Din^ctiou 
cosines 
= g/1.6412 


0. 9609 

0. 92332881 

0. 5855 

0. 3424 

l.OOOO 

1, 00000000 

0. 6093 

0. 3712 

-0. 2215 

0. 04906225 

-0. 1350 

0, 0182 

-0. 8492 

0. 72114064 

-0. 5174 

0. 2677 


2. 69353170 



V‘2. 69363170=1. 6412 


0. 9999 


As a check, the squares of, the calculated direction cosines have 
been added in the last column of the above computations. 
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Since the equation of the straight line fittt>d to the cluster of points 
representing corresponding values of the various chaJ'acteristics of the 
virgin stands is known, for successive values of one of the character¬ 
istics the corresponding values of the otlier three characteristics can 
now be calculated. It makes no difference to which one of the four 
charactijristics such arbitrary and gradually ditf(>ring values ai*e 
assigned. Geometrically speakhig, tlic coordinates of a series of 
points lying on the straight line fitted to these points arc being de- 
iennined. Accordingly, some succossiv(» values of the characteristic 
a are assigned by taking rj equal to —2.0, —1.5, — 1 . 0 , —0.5, 0.0, 0.5, 
1 . 0 , 1.5, and 2 . 0 . The corresponding values of 

V I2 I'.i Ia 

Tj, — .r3— J^h *^4 — 

are given in table 5. In the same table are listed tlie weighted means 
of the four characteristics, the standard deviation of eadi character¬ 
istic for an observation of weight one (the weight being equal to the 
area of a stand), and the standard deviation for an average an^a of 
419.2/26—:If) acres. When expressing the value's of ;ri, X 2 , X 3 , and a 
in the original units of the coelficients, it must he kept in mind that 
the average area of a stand w^as equal to 16 acres. Th(^ values of 
iPi, X 2 f J. 3 , and should therefore be multiplied by si y lh and added 
to the weighted means of the respeedive coefficients in orde'r to obtain 
values lying within the range of those actually observc'd. Tlu' 
various coefficients of a corn*sponding to the assigned values of u‘j an^ 
obtained as shown . in ta ble 0 . By using tlie mean and tJie standard 
deviation of the other coefficients, the corresponding values of all 
four charaetcuistics which have ])een used to describe tlu^ structure 
of the virgin forests arc obtained in the same way. Tht'se values are 
listed in table 7. It will be noticed that the coefficient k correspond¬ 
ing to irr-=— 2.0 turned out to be negative. Since it is obviously 
impossible for k to bo negative, and a deviation from the mean as 
large as this cannot occur in practice, this c.oefficieiit must be dis¬ 
carded. This IS easily understood bv looking at figure 3, where it 
is seen that for a=0.00536 the line falls below the axis of the abcissa. 
The, remaining seven sets of coefficients characterize seven gradually 
differing structural types of virgin forests of the beech-birch-maple- 
hemlock type. 


TaiBLE 5 .—Weighted means of characteristics and standard deviations for observa¬ 
tions of weight one, together with correspondin^f values of Xi, X 3 , X 4 


Characteristic 


Weighted mean.......... . 

Standard deviation of observation of weight 1. 
Standard deviation of observation of weight 16 


Oorreijpondlng, values, of ri, rj, r*, and j :4 




a 

k 

b 

Proportion 
of hemlock 

Ui) 

(rj) 

(la) 


0.1134 

23.6 

34.6 

33.2 

.1167 

46.0 

14.0 

64.7 

.029» 

11.6 

3.6 

13.7 

2.0 1 

2.081 

-.461 

-1.767 

1.6 

1.661 : 

-.346 

-1.326 

1.0 

1.041 

-.231 

-.884 

.6 

.620 

-.U5 

-.442 

0 

0 

0 

0 


-.620 

.115 

, ,m 

z\:r . 

-1.041 

-1,661 

, .231 

/ .346 

, „ 

' .^336 

-2.0 , 

f -2.081 

.461 

im 
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Table ^.—Method of ohiaining the various coeMnents of “a" corresponding to the 
assigned values of 


T1 

Xi.0.ll97/Vl6=^ 

0.02«ll'a-i 

0=0.1 l:i4+0.0201)- 3:1 

2.0 

0. OfilW 

0.1732 

l.f) 

.044« • 

,1.582 


021)0 

. 1433 

: . 5 

i . 01.50 

.1284 

1 

1 0 

. 1134 

1 -.5 

-.01.50 

, fH)Hl 

! -1.0 

-.0200 

! , «)83.5 

-l.f) 

-. 044H 

. 008<) 

- 2.0 

-.0.508 

. 0.530 


It is ail easy matter to caleulatc tlio number of trees per acre and by 
diameter classes for eacli structural type. ^For tlie diamoler class 
ranging from 7 to 9 inches, llie following value is obtained for type A: 


/ 


47.4f 




47.4 _ 
-0.1732 




=:-~-273.(>7 (0.2104-~0.297o)--23.8 


T vblk 7. — Chanidcristics for gradually differing slruciural types of virgin forests 


Structural type 

(1 


b 

Proi>orl ion 
of hemlock 

A. 

0. 1732 

47.4 

Inches 

34.0 

Percent 

0.0 

U. . 

! . 1.582 

41..5 

34. 1 i 

15.0 

C ... . 1 

I . 1433 

3.5. .5 

34. 8 1 

21.1 

1) . .. .... . I 

1 .1284 

' 20. .5 

3.5. 2 

27.1 

E . . 

.1134 

23. 5 

35 0 

33.2 

F .. . . .j 

. 0084 

J7.5: 

:i().o 1 

30.3 

0 . . 

.08:15 ; 

11..5 ; 

30.4 ! 

45.3 

11 . . . . - 

.0080 i 

r).,5 1 

30. K j 

.51.4 


In tabhi 8 are listed the number of trees per acre and by diameter 
classes for eight structural types. The total numlxu* of trees per 
acre decrcnises gradually from type A up to type H, while the pro¬ 
portion of heavy timber becomes successively larger. From table 9 
it is seen that a large proportion of heavy timber occurs together with 
a high percentage of hemlock. This observation is of considerable 
importance for a clear miderstanding of tiie development of the^ 
vii’gin forests. There are two possible way^s of interpreting this 
fact. There may be localities and site conditions on which there is 
permanently a high proportion of hemlock, while on other sites 
hemlock is only sparsely represented. The various structural types 
may also represent various stages in the development of the virgin 
forest. It is tliis latter interpretation with which this study is 
mainly concerned. Field studies have deomonsti'atc^d that a gradual 
change in the composition of the virgin stands takes place, A heavy 
stand of hemlock with hardwoods in the understory will ultimately 
break up and be replaced by a stand with only a small percentage of 
hemlock. In stand 19 of the Tionesta tract, for example, the groimd 
was covered with many decay^d hendock stems all lying in the same 
direction as a result of a serious windstonn. Part of the existing 
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stand is composed of nearly pure hardwoods. In the shade of hard¬ 
woods hemlock reproduction is gr 4 adually establLshing itself and in 
decades to come hemlock will probably again become the dominant 
species in the higlier diameter classes. As established from the age 
of mature hemlock, a period of 200 to 300 years must elapse before 
a complete cycle in the evolution of a virgin stand is completed. 
When considering a i)eriod of several decades only, however, the struc¬ 
ture t)f a stand as characterized by one of the types A to 11 remams 
essentially the same. It may therefore, be said to be balanced, despite 
the fact that over a period of 200 and more years the composition of 
the stand undergoes a gradual change. With the exception of the 
extreme types Cl and H it is likely tiiat any of the other structural 
types could b(^ maintained indefinitely if the forest were managed on 
a selection basis. 


Table 8 . — Stand tahUs for graduathj differing slructural types of virgin forests 


Diamnter at bn'ust 



Trees 

height (inches) 

A 

B 

(1 


Jslumher 

Number 

Number 

8. 

23. H 

2St.r> 

22.0 

10... 

J6.y 

17.1 

17.0 

12. 

u.o 

12.6 

12 8 

U. 

8.4 

».1 

0.6 

16. 

6.0 

6 6 

7.2 

18.. . - 

4.2 

4.8 

6.4 

20. 

3.0 

3. 6 

4.1 

22. 

2.1 

2. 0 

3.0 

24. 

I. .*) 

1.0 

2.3 

26 .. 

1.1 

1.4 

1.7 

28. 


I.O 

1.3 

30.. . . 

.5 

.7 

1 1.0 

32.. . . . 

.4 

.5 

. 7 

34. 

.1 

.3 

. 6 

36... 



. 





Total. 

80,6 

86, .6 

89. 2 


p«r am* in statul lyiM* - 


I 

I) i E , F I (i H 


-—.— 

— 

- --- 

— 

. • • ' 

Number 

Number 

Number 

Nu mber 

Am mber 

21.2 

19 .0 

16.0 

\l.H 

6 i 

10.4 

16. 2 

13.1 

10.0 

6. 6 

12.7 

12. 1 

10 H 

8.6 

4.8 

9.8 

9 0 

8.8 

7.3 

4.2 

7.6 

7. 7 

7.3 

6.9 

3.7 

6.9 

6. 1 

6.0 

6 1 

3.2 

4.6 

4.9 

4.9 

4.3 

2.8 

3.6 

3.9 

4.0 

3.7 

2.4 

2.7 

3.1 

,3.3 

3. 1 

2. 1 

2.1 1 

2. 6 1 

2. 7 

2.6 

1.0 

1.0 1 

2.0 1 

2. 2 

2 2 

! 1.6 

1.3 

1 1.6 

1.8 

1.9 

1 1.4 

1.0 

J.2 

1.6 1 

1.0 

1.2 

.8 

1 0 

1. 3 i 

1.4 

1.1 

. 1 

1 _ 


.8 

, 8 

91.2 

90.2 i 

1 I 

84.2 ' 

1 

70,2 

43.1 


Table 9.-~-Total vohnne and percentage distribution of volume by diameter groups 




Distribution of volume by diameier groui).s 


'I'otal vol- 





Structural type 

uiiio per 
acre 

Small tim¬ 
ber, 7 to 

13 inches 

Medium 
limber, 17 
to 21 inches 

Large tim¬ 
ber, 21 
inches and 
over 

Proportion 
of hemlock 


Cubic feet 

Perce ut 

Perce ut 

Percent 

Percent 

A.-. 

2,810 

28 

39 

33 

9.0 

B.■.. , - 

3.290 

24 

37 

39 

15.0 

C. . .. 

3,780 

21 

36 

43 

21.1 

D.- 

4.330 

18 

34 

48 

27.1 

'E-.. .. 

4.780 

15 

31 

.64 

33.2 

F...... 

5,000 

12 

29 

69 

39.3 

o..:.. 1 

4.740 

10 i 

26 

64 

46.3 

■H.... 

3,300 

8 ! 

23 

69 

61.4 







The significance of the various structural types is still better under¬ 
stood when computing the basal area and volume per acre and their 
distribution over tliree main diameter groups. In practice it is cus- 
tomaiy to characterize the structun* a stand by giving the total 
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volume per acre and the perc(»nta.ge of small timber, medium timber, 
and large tirnbcu*. The limits of, these three? main diameter groups 
are often taken us 7 to inches, 13 to 21 inches, and 21 inches and 
over. The percentages in basal area and volume are very much the 
same so that it is sufficient to comment on the results exf>ressed in 
terms of cubic foot volume, as given in table 9. Tln^ corresponding 
data for basal anui arc given in table tO. It is inter(*sting to note that 
the volume per acre increases gradually from type A up to type F, 
where it n^aches a maximum of 5,000 cubic fe(»t per acn?. At this 
point, however, the volume drops rathcT rapidly to 4,740 and 3,300 
cubic feet per acn*. Although both of these last, types still show a 
gradual decrease in miinlxu- of trees by diameter classes, the sudden 
drop in volume is a clear indication that stands of tliis structure 
ufiproach a stage wlxu'e there is too much h<f^ivy timber to allow the 
presfUice of a sulficdent amount of volume in the smaller diameter 
<-lasses. Tli(^ next stage in the development of such a stand is char¬ 
acterized by in(*reased mortality of the overmature lumilock and a 
subsecpicnt iiK'n’ast* of volume in tlie smaller diameter classes. Since 
th(‘se young(‘r tree's will consist mostly of Inirdwoods the further 
dev(4o])ment will lead to a structure similar to type A. 


'rvBi.K 10. ‘ 7\)(al husal area and percentage distrihution of haml area taj diameter 

groups 


i Distribution of basal area by 
' diamebT groups 



Structural type 

j Basal area 
j iK‘r acre 

Small 1 

Medium 

Large 



• 

1 tiniN'r, I 

timber. 

I timber, 



1 

1 7 to 1:1 ( 

17 1.) 21 

21 inches 



! 

1 iiichc.s 1 

j 1 

inches 

and over 



1 Sgiiarf feet 

i Percent i 

J*crcent 

Percent 

A 


I H().H 

! :i3 ! 

39 

38 

B 


92 H 

i ! 

m 


(■ 


105.9 ; 

29 

:t7 

37 

D . 

. 

... I 117.7 j 

22 1 

35 

43 

K.. 


.. . I 127.7 

! 19 1 

33 

48 

F 


! 1:11.3 

1 Hi 1 

31 

5.3 

(i _ 


1 121.9 1 

13 

2S 

59 

H .. 


1 S3, 4 i 

! 

20 

63 


The total voliimi* per acre and its distribution by diameter groups 
as cahailated for the various structural types is a valuable guide m 
appraising the normal volume of a forest of the l)eech-birch-maple- 
lumilock type under sustained-yield management. It is quite evident 
that a forest manager would not attempt to maintain the largest 
possible growing stock capable of producing a sustained yield but 
rather a growing stock similar to that of type A, B, or C. Through 
periodic cuttings and thinnings it would be possible to modify such a 
structure, especially as far as composition by species is concerned. 
The normal growing stock in an uneven-aged forest is not a fixed 
quantity but a variable which may fluctuate rather widely to suit 
(‘hanging silvicultural and economic conditions. The established 
structural types repn^seiit the best available basis by which to judge the 
limits within which the balanced volume of an uneven-aged forest may 
fluctuate without endangering sustained production. 
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GROWTH 

By using ijicrcruent borings at breast height and ring counts on the 
stiinip the average diameter increment for the last 10 years was 
determined in a number of stands and localities. It would have been 
too laborious a task to determine the growth separately for every area 
calipered. The data oollected cvefer to an entire tract. They can 
therefore not be correlated with the structural type whieli has been 
characterized by the various coefiicients previously discussed. These 
coefficients refer to subdivisions of the tracts. It is doubtful, however, 
if any significant correlations between structure and growth (*ould be 
established Ix^^ause the growth of an area (lepeiuis to a considerable 
extent not only on the structure and composition of the stand but also 
on site quality. Since on one and the same site tin' structure may vary 
considerably (because of^die loug-term (‘yele of evolution of the forest) 
it is likely that, differences in growth due to sit(‘ are overshadowed by 
differences in struetuix^ and vice versa. 

The average diameter increment at breast height, calculated sep¬ 
arately for hemlock and hardwoods for a number of tra(‘ts, is shown in 
figure 4. The data obtained from the various arenas show ndatively 
small difTerences, On the whole, no pronounced tnuul of diameter 
increment is discernible, the average increment being about the same 
througliout the diameter classes. The growth of the luirdwoods, 
however, is generally greater tlian the growtli of hemlock. Tliis be¬ 
comes more evident after balancing the original growth data by fitting 
a straight line or a parabola to the. data shown m figiue 4. fiy using 
the bahinced diametcT increm(‘nt thus obtained, the percentage volume 
increment by diam(^Jy(u* elassc's, as well as total volume*, increment and 
volume*, mcremeut per acre, are easily calculate'd. From the 8-inch 
diameter class up to the 30-inch diamct(*r class the pe^rcentage volume^ 
increment diminishes from al>out 2.5 percent to 0.9 pereeuit for liein- 
lock and from about 3.0 ]}ercent to 0.7 percent for hardwoods, lathe 
smaller diameter class(‘s the* relative growth of lumilock is tln^refore 
smaller than that of the hardwoods, wliile the rewerse is true for the 
higher diameter classes. 

Additional data, on volume iiicTement in percent of volume, and 
volume increment per acre, are giv(*n in table 11. For the total 
volume of th(* trees 7 inches in diameter and over, tin* percentage 
volume increment of hemlock is consistently lower than that of the 
hardwoods. The total volume increment per acj*e ranges between 44 
and 67 cubic feet, the average of all ti’acts combined (weight ed accord¬ 
ing to area calipered) being equal to 50.7 cubic fe(*t. This mcrement. 
represents gross increment which, over a period of years, will be. 
larg'cly offset by the annual mortality. It is quite evident that the 
same forest would yield a decidedly larger increment per acre with 
systematic management under a group selection or group shelterwood 
system, while at the same time the nonnal growing stock per acre 
would probably be somewhat smaller than the actual growing stock 
in the virgin stands. However, even with the same amount pf total 
vpipme per acre, the distribution of the volume by diameter classes 
iwohld be different, more volume being in the lower diameter cksses 




ANNUAL DIAMETER INCREMENT, INCLUDING BARK INCREMENT (INCHES) 



DIAMETER AT BREAST HEIGHT OUTSIDE BARK(INCHES) 

FiGUHte 4.^—Annual diameter increment, including bark increment, in terms of 
diameter at breast height outside the bark for trees on various tracts: A, Hess; 
Bi Hioketts; 0, liighimeier; D, Larson; B, Dunham; D, Tionesta. 
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SUMMARY 

Bj the use of the distribution function df— k-er^^-dX the diameter 
distributions of various virgin stands of the beech-birch-maple- 
hemlock type have been compared statistically. A high correlation 
between the two coefficients a and k was found to exist. Large values 
of a are associat(id with large values of k, Tliis important ndatiou- 
ship enabled the calculation of gradually dilhuing diameter distribu¬ 
tions within the range of the possible balanced structures of virgin 
forests. For a given value of a, which determiru's the rate at wdiich 
the number of trees diminishes in successive diameter classes, higher 
and lower values of k indicate a higher and low^iu* density betwc^en 
these stands. In addition to the coefficients a and the stands were 
further characterized numerically by the upper diani(‘t(*r limit 6, and 
the proportion of hemlo<*K. These charact(*ristics prov(‘d in turn to 
be correlated between themselves as well as with a and k. 

By applying statistical methods, seven s(‘ts of four coefficients (a, 
kf bj and proportion of hemlock) were obtained to characterize s(*ven 
gradually differing structural types of these vijgin forests. The total 
number of trees per acre was found first to increase* and then to d('- 
crease gradually from type A up to type H, wdiih* at tin* sanu* time the 
proportion of heavy timlxu* became succt'ssively larg(*r, A large 
proportion of heavy timber occurred together wdth a high percentage 
of hemlock. This confonns with the view that the various structural 
types represent to a large extent difl’erent stag(*s in the long time 
development of the virgin forests. A heavy stand of hemlock with 
hardwoods in the understory will ultimately bn‘ak uj) and be replaced 
by a stand of hardwoods with only a small percentage of h(‘mloc*k. 
llowever, because of the relatively low correlatioT) between the pro¬ 
portion of hemlock and the characteristics a, kj and 6, the proportion 
of hemlock may deviate considerably from the av(*rage values giveji 
for the different structural types. 


Tablk 11 .—Volume increment per acre and volume increment in percent of volume 
for hemlock and hardwoods 


'I'ract 

Volume intwment |M*r acrt* 

ITreentage voUnrie increment 

H(*mlock 

Hnr<Jwoo<ls 

Total 

Hemlock 

nardwoo(i.s 

Total 


Cubic Utt 

CttWc feel 

Cubic feet 

Percent 

Percent 

Percent 

Hess.. 

5.3 

61.4 

66.7 

1.4 

1.6 

1.6 

Ricketts... 

15.1 

28.8 

43.9 

1.0 

1.3 

1.1 

Rightmeler..-.. 

14.2 

42.4 

66.6 

1.3 

1.6 

1,6 

Iiarsan„.— . 

32.9 

23.1 

56.0 

1.1 

1.4 

1.2 

Buiiham...... 

31. .5 

22.4 

53.9 

1.3 

1.7 

1,5 

Ticnesta .. .. 

18.6 

27.3 

45.9 

.7 

1.5 

1.0 


It was found that the volume per acre increases from type A np to 
type F, where it reaches a maximum of 5,000 cubic feet per aero. The 
yolumo then drops to 4,740 and 3,300 cubic feet per acre, a further 
indic^ation that these types apparently represent a somewhat over-aged 
condition of the virgin forest. Stands of this structure have relatively 
too much heavy timber to allow for sufficient volume in the lower 














jDec. 13 , m3 Beech-Birch-XIaple-Hemlock Forests , 483 

diameter classes. The next sU^e in the development will be (diarac- 
terized by an increased mortalit,v in the largc'r diameters and a sub¬ 
sequent increase of volume in th(‘ smaller diameter classes. The ’ 
tables 9 and 10, which show the percentage distribution of volume and 
basal area by three main diameter groups, explain this situation 
more clearly. 

The structural types nqneseiit a >Vasis by which to judge the limits 
within which the lialanced volume of an uneven-aged forest of the 
birch-beech-maple-hemlock type may fluctuate while the structure of 
the forest remains sutHciently balanced to insure sustained production. 
It may be pointed out, however, that the normal structure of a man- 
ag(‘d forest of the type iiere considered may be somewhat different 
from that of the virgin forest, having probably a relatively higher 
volume in the lowtu’ dianiet(‘r classes. ^ 

Analysis of growth showed that the perc(*ntage volunn* increment 
(liminislu's with increasing diameter from about 2.5 percent to 0.9 
p(‘r(*ent for luunlock and from about 3.0 percent to 0.7 .percent for 
hardwoods. Th(‘ gross volume increment per acre imiges between 
43.9 and 60.7 c\jbi(‘ feet, the average of all stands calipered being 
e(|ual to 50.7 cubic fe(‘t. This gross increment is, in j)art, offset by the 
(‘urreiit average* mortality. As a stand gradually changes from one 
st ru(‘tural type with a low volume per acre to another with a relatively 
high volume per acr(‘, the gross increment/ will exceed the current 
mortality. In the later stages of this dcvelopincnt, when the volume 
again decreases, th(' current mortality will be greater than the current 
gross increment. 
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WEARING TESTS ON FABRIC BLENDS OF NEW AND 
RECLAIMED WOOL FIBER* 


By Hklkn M. Ward, research assistant in home economics, and Barbara 
Bailey, fornuTly research assistant in home economics, South Dakota Agricutlural 
Experiment Station ^ 

INTRODUCTION 

Since the curtailment of the use of new wool for civilian n(‘(‘(ls was 
efl'ected by tbe Office of Production Management (January 1942) and 
later by tbe War Ihoduction Board, the (juestion of the relative serv¬ 
iceability of fabrics containing various blends of iu»w and reclaimed 
wool is becoming increasingly important. In addition, legislation® 
has given the ultimate consumer access to information, in the form of 
labels, as to the jiercentage and type of woo? in a specific article; how- 
ev(‘r, such information is of little practical value unless a n‘asonably 
corre(‘t interpretation of the factual material is possible. In 1940, 
s(*rvict' of pcu’forrnance t(‘sts of gannents made of dyed fiahnel fabrics 
of various blends of lU'W and reclainu'd wool fiber wer(‘ begun at the 
South Dakota Agricultural Expiu'iment Station. Certain chemical 
and physical pi'opiTtii's of the fiber and fabri(‘ before dyeing had been 
determined at an earli(‘r date and subsequently refiorted by Bailey (J).^ 
Cm tain questions arise*: Is it jKKSsible to predict the wearing (jualities 
of a fabric from laboratory tests or do individual difi*(*rences in wear 
habits tend to mask diflerences in fabric? What chemical changes in 
the fib(*r of wool accompaThv storage* and wt‘ar of fabrics? How do 
garments we*ar out? It is not to bo expected that these que'stions 
will be answe*red by this study alone, but need for further investiga¬ 
tion of possible tre*nds shoulel be indicated. 

As a re*view of tlie lit.(*rature shows, aelual service tests are coming 
to the fore, not to take* the place of, but to supplement , and if possible 
to prove* the* reliability of pre*dication of service by laboratory tests 
(7, 8,13, 15), Sommaripa (15) has coneduded that serviceability tests 
are sensitive enough to show differe*neH*s in perfonnance of given 
fabrics. Although exte*nsive studies have been made of wool fiber 
and subsequent fabric characte*ristics (J, 10, 11, 12), very little has 
been publish(‘d on actual wearing tests of wool fabrics of known fiber 
history. The Bureau of Animal Industry of the United States De¬ 
partment of Agriculture in cooperation wfith the Bureau of Home 
Economics, in 1937, r(*ported a study of serviceability tests on blankets 
made from four blonds of wnol (7). There are in pi-ogress at Govern¬ 
ment laboratories studies {5) involving a comparison of the service¬ 
ability of blankets prepared from blonds of throe-eighth blood new 
wool with varying amounts of good- and poor-quality reworked wool, 

> B^C©1v«!k 1 for publiofttion December 19,1942. PaiH'r No. 171, Journal Rt‘ries, South Dakota Agricultural 
Ejiiwnraeiit Station. 

* Acknowledgment i8 made to Dr. R. L. Doleoek, formerly physicist, South Dakota Agricultural Ex- 
l^riraenf. Station, for assistance with tho statistical analyses of the data; to the Chemistry Division South 
Dakota Agricultural Experiment Station, for chemical analyses of the w<m> 1 fiber; and to the Minnesota 
Agrloaltural Experiment Station for use of their textiles conditioning room and testing equipment. 

»The Wool Products Labeling Act, effective July 15,1941. 

♦ Italic ntmibors in parentheses refer to Literature Cited, p. 500. 
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a comparison of the serviceability of blankets containins: various 
percentages of reworked wool and mohair with new wool, and the serv¬ 
iceability of suitings made from new wool and blends of new wool 
with reworked wool and spun rayon. All reports emphasize the need 
of knowing th(‘, fiber history and details of fabric manufacture. 


MAT,KRIALS 

The flannel fabrics used in this investigation were woven at the 
Lowell Textile Institute and have a 2 by 2 even twill construction. 
Uniform blends were used for both warp and filling yarns. Furtluu' 
details of fiber properties and manufacture of these fabrics have been 
reported by Bailey (3). In brief, new wool from Rambouillet sheep 
raised at the South Dakota State Coll(‘ge and high-quality pastel 
sweater clippings purclnw^ed on the marktd- by the Lowell Textile* 
Institute were blended in various proportions. Fabric No. 100 con¬ 
tains 100 percent new wool, fabric No. 75 is made of approximat{‘l.y 
75 percent now wool and 25 percent clippings, fabric No. 50 is made 
of approximately 50 ptu-ceiit new wool and 50 perct*nt clippings, fabric 
No. 25 is made of approximately 25 percent new wool and 75 p(‘rcent 
clippings. 

According to lab(*ling definitions of the Wool JVoducts Labeling 
Act, *‘r(‘proceased wool” is the fiber that results ‘‘when wool has beem 
woven or felted into a wool product which without (*ver having been 
utilized in anjr way by the utlimate consumer, subsequently has been 
made into a fibrous state.’’ The sweater clippings may not lx* classi¬ 
fied as “reprocessed wool” but simply as “wool,” sinct* under “wool” 
are included “yams and other wastes broken off by or entangled in 
the combing, drawing and spinning processes, and unused knit wool 
pnxiucts made of new wool, such as sweater clippings. These pai- 
tially processed wastes are included under the term ‘wool’ on the basis 
that the damage and deterioration which they undc'rgo in being re¬ 
duced to a fibrous state for reuse, is not sufficient to seriously diminish 
their original, natural intrinsic protective and service qualities” 
(Jf, p, 19). It may be concluded that differences found between 
blends of new wool and tin* reclaimed swcuiler clips used in this study 
would tend to be exaggerated if “reprocessed” wool as defined by the 
Wool Products Labeling Act and of the same original quality as the 
clips were used. The term “reclaimed wool” (not used in labeling 
rules) will be used to indicate the sweater clippings in this study since 
it is misleading to call it simply “wool.” 

Following the fiber and fabric studies previously mentioned, por¬ 
tions of the four fabrics were dyed navy blue by a commercial dyer 
who us^l identical dyestuffs and processes for each fabric. The 
description pven of the dyeing process ® is as follows: Wetting out of 
the material was executed in weak ammonia water for 15 minutes at 
110®~120° F. and then in two fresh water rinses at the same tempera¬ 
ture. The material to be dyed was then immersed in a water bath 
(140® F.) to which was addea 10 percent Glauber salt and 3 percent 
acid alizarin blue. The temperature of the water was brought to 195® 
F.in M horn* and held there for an additional 1)^ hours. The dyed 

material was rinsed until the water was clear. 

' .. . , ... * 

■ : * Textile Institutu, Lowell, Mass. 



Dee. i!, 1943 Weating Teds m Fabric Blends of Wool Fiber 


48f 


Fabric yardage losses incurred in dyeing range from approximately 
3.1 to 5.8 percent. The largest percentage loss was found in fabrics 
No. 100 and No. 50; the smallest in fabric No. 75. Accompanying 
these losses in fabric yardage there appeared a significant (1 percent 
level) decrease in warpwise breaking strengtli (strip test) for all fabrics. 
Fillingwise breaking-strength values were inconsistent in their varia¬ 
tion. Only fabric No. 75 showed la decrease in bursting-strength 
value. The usual evidence's of shrinkiiig were prestmt in that thick¬ 
ness and numlxT of yarns per inch incCeast^d for both fabrics. 

METHODS 

WEARING TESTS 

Tw’(Jve four-gore skirts were made from the four navy blue wool 
flannel fabrics and issued to women studen^#^ at South Dakota State 
C\)llege who agieed t-o cooperate in the wearing t(‘sts. A relatively 
simple-to-make, conservative, and w'ell-fitting skii*t design was 
chosen to facilitate subse(|uent fabric sampling and to avoid as far 
as possible, localized wear due to construction or design details. 
The selection of college girls made rather close supervision of the 
wearing x>eriods possibl(‘, yet allowed full play of individual wearing 
habits under ordinary wearing conditions. It was decided that an 
the garineiits should be withdrawn from scrvict* for testing at the end 
of the time int(‘rval in which one garment showed definite evidences 
of wear. Accordingly, <?ach skirt was worn a total of 1,000 hours, 
which approximates the length of time equivalent to the wear a college 
girl would ordinarily give a skirt during a school year. Careful records 
of horns worn, type of activity, brushing, pressing, evidences of wear, 
and damage to gaiment were kept by (^ach individual wearing one of 
th(‘ skirts. After each 150-hour period the skirts w^ere inspected. 
Measurements w’(*re taken both before and after dry cleaning to 
indicate stretching or shrinking. Then shirts were dry-cleaned 
commercially, always at the same establisliment where standard 
procedures were assured. 

In the dry-cleaning treatment ^ a solvent (Stoddard solvent, U. S, 
Department of Commerc(‘ commercial standard CS3 -40), was circu¬ 
lated throiigli gannents placed in a cylindrical washer. A filter aid 
was added to the solvent after which the solvent was chawn contin¬ 
uously through a filtering device until clear. A stock solution con¬ 
sisting of 2 parts soap, 1 part w^ater, and 1 part solvent was run on 
the batch for approximately 20 to 30 minutes. Nearing the end of 
the soap run, more filter aid was added and the solution was again 
drawn tlnough a filter until cleai*. The garments wau’e dried a.nd 
deodorized in a tumbler and pressed with an ordinary steam press. 

PHYSICAL MEASUREMENTS OF FABRIC AND GARMENTS 

Breaking strength (strip test) and elongation, bm*sting strength 
and elongation, fabric thickness, number of yarns per inch, yarn 
number, and yarn twist measurements were made on the fabrics as 
received from the dyers and on control fabrics which were stored for 
a time equivalent to the skirt-wearing period. All physical measure¬ 
ments of yam and fabric wqre made in a laboratory maintaining a 

' Dry-ttleankig specifications. ^ 
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temperature of 70*^ F.±2° and a relative humidity of 65±2 percent. 
Standard procedures of the American Society for Testini? Materials {2) 
were used throughout, unless otherwise noted. The testing equipment 
included a motor-driven Schott tester for breaking-strength and elon¬ 
gation determinations; a ball-burst attachment for the Scott tester, 
using 1-inch steel balls for burst-strength and elongation dcteimina- 
tions; a Scliiefer compressoineter^ the presser foot being 0.375 inch in 
diameter and the pressure equal to 3.4 pounds per square inch, for 
thickness measut*einents; a micrometer yarn counter for number of 
yams per inch; a Siiter yam numbering balance (results used in the 
adjustment of tension for yarn-twist measurement); and a hand- 
turned new-type Suter precision twist tester for the determination of 
twists per inch. 

Similar measurements, with the exception of yarn twist and yam 
niunber, were made on nl'atcrial from the 12 skirts. It was necessaiy 
to curtail the number of physie.al tests used to measure the ndative 
wearing qualities of the 4 fabrics because of visible evidence of local¬ 
ization of wear. 

In order to determine fabri<* strength in various parts of th(‘ skii t, 
each skirt was divided into three sections, designated as top, rniddh', 
and bottom. The top section included tlie skirt- ar(*a ext(‘iiding from 
the waistline to the approximate top of the thighs, or to the bend of 
the skirt if oiu' were in a sitting position. The middle section extcuided 
down approximately two-thirds the lengtli of the skirt, and the bottom 
section included the lower part of the skirt. Care was taken to 
approximate the same i-elative sampling location regardi(‘ss of tlie size 
of the skirt. Five* breaking-strength samph's, 1)4 hy 0 or 7 inches, 
warpwise and filling»i\ds(i, wen* cut from both the fiont and back of the 
skirt for each of the three sections. For (*alculal-ion, it was assumed 
that the wear on the back left gore, top section, was similar to that on 
the back right gore, top section. It was suggested that wet breaking- 
strength measurements might show greater differeiiees than dry 
breaking-strength measurements; how(‘V(*r it was impossible to 
include noth. In addition, it is wcdl known that wool loses strength 
when wet and under normal conditions wool garments are worn hi a 
more or less diy state. 

Ten burs tin g-str(‘ngth samples, 4 by 4 inches, wore cut from each 
skirt, the sampling being scatb^red to represent, as far as possible, all 
parts of the skirt and to avoid inclusion of indentical warp and filling 
yarns and identical placement with reference to skirt seams. By such 
a inethod the composite bursting strength of the worn fabric should be 
indicated, or if inadequate sampling were suggested by statistics, real 
bu^tiiig-strength variation in different parts of the skirts would be 
intimated. 

Fabric-thickness and yarn-count (number of yams per inch) 
(ietenninatioiis were made on each of the bursting-strength samples, 

CHEMICAL. ANALYSES 

Moisture, sulfur, nitrogen, and ash content of the four blends were ^ 
determined after (1) fabrics were received from the (2) after 

stpi^ge^ and (3^ dfter the total wear period. Samples of the wool fibef; 

; used m the a were obtained in a fandom manner for all hlend$- 
0 at 105® C. wa^ used id bring 0i5r to : 
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samples for moisture determinations to constant wc'ight. These 
samples wore transferred to a Parr bomb for total sulfur measurement. 
Total nigrogen ])resent was determined by the Kj(‘ldahl method. 
Samples were ignited and ashed to constanl, weight, from which the 
percent of ash was d('termined. All percentage calculations of sulfur, 
nitrogen, and ash were based ori moisture-free weighls. 

PRESENTATION AND INTERPRETATION OF DATA 

(X)MPARISON OF BLENDS 

By appearance alone it would be diflieult, if not impossible, to 
distinguish between the four blends, but physi(^al tests hMive little 
doubt as to their dissimilarity. Throughout these* blend comparisons 
it- is interestirjg to ke(‘p in mind that it was report,(*(l (S) that, the aver¬ 
age length of the n(‘W fiber was 40 perc('nt*greater than that of the 
jeclaimed wool and the average number of crimps p(*r inch was more 
than 10 percent gri^ater in tlie new wool. No ditrerence in avcrag(> 
contour ratio was found in the wool. The physical-test- data for the 
dyed flannel fabrics a|Ji)ear in table 1. 

Mean strip breaking-strength values, which range from 32.4 
pounds for blend No. 100 to 17.4 pounds for blend No. 25 warpwise, 
and 27,7 to 16.7 pounds, filliugwise, indicate real strength ditferences 
according to a t test among all four blends, ii^creasing progressively 
from bl(*nd No. 100 to No. 25. Based on the breaking-strength values 
for th(‘ 100-percent Jiew-wmol fabric, ihorc were successive losses in 
warp st,rengt h wdiich amounted tn 12, 28, and 46 percent and W'hich 
resulted froin the increas(Kl perc(‘ntag(* of the reclaimed w’ool per 
fabric. In tilling strength, the losses range from 18 to 32 to 40 
percent,, indicating a more decisive initial loss dne to blending but a 
tendency to lcv(4 off moi‘(5 rapidly than did warp strength. 

Biu’sting-strength dcteiininations also reveal a significant strength 
decrease from No. 100 to No. 25. Figure 1 gi’aphically illustrates the 
percentage strength of the four blends as evidenced by breaking- and 
bursting-strength tests. 

Fabric elongation, as shown by strip-elongation deteiminations, 
decreases somewhat with increasing percentage of reclaimed wool. 
Because of the gre^ater number of shorter fibers in the fabrics conhiin- 
ing the reclaimed wool, this was to be expected. Warpwise strip 
elongation gave evidence that fabrics No. 100 and No. 75 had a 

t reater fabric elongation than No. 50 and No. 25. In the filling 
irection, fabric elongation decreased significantly from fabric No. 
100 to No. 50. Comparison of warpwise elongation and fiUingwise 
elongation for each blend shows a real difference only for blends No.' 
100 and No. 75. Bursting-strength elongation for all fabrics was 
the same, except for No. 25 which w’^as somewhat less. 

The number of yarns per inch for all fabrics decreased only slightly 
tliroughput the series, both warpwise and fillingwise. Fabric thick¬ 
ness was approximately the same with the exception of blend No. 25, 
which was signifioantly (1-percent level) thinner than the other 
fabrics. Yam twist and yam number (typp system) for the fOui* 
fabrics was very similar, except that yarn twist for fabric No. 25 was 
somewhat greater than that of other blends. 



Table 1. — Physical-teat data for dyed flannels, 1941 
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100 75 50 25 

NEW WOOL (PERCENT) 

Fua:Ki: 1.—Warpwise and filliiigwise breaking-strength and i)ursting-strength 
values, according to percentage composition, of the four fabric blends after 
dyeing, 

Cbomical analyses of the four fabrics after dyeing reveal, in general, 
several trends as seen in table 2. The percentage of ash for fabrics 


I’AfiLK 2. — Percent total ashy nitrogen^ and sulfur calculated on a miosture^free basis 
for the 4 fabric blends after dyeing^ storage^ and wear 


Troat iriont and fabric No 


Ash 


Dyod: 

100 

75.. 

50.. . 

25.. . 
Stored: 

100 „ 

75„. 

50 -,, 

25.. . 
Worn: 

MKt- 
75.- 
50 „ 
25,- 



1 

' NItropen 

1 Sulfur 

nt 

Percent 

Percent 

0.77 

16.64 

3.71 

.81 

16.65 ' 

3.64 

.87 

16.50 

3.65 

.S.’i 

16.31 

3.62 

.87 

16,00 

3.55 

.98 

16.83 

3.67 

.76 

15.87 

3.52 

.97 

16.00 

3.52 

.94 

16.62 

3.50 

.88 

15.76 

3.67 

.91 

15.68 

3.53 

1.04 

15.56 

1 

3.61 


No. 100 and No. 75 is somewhat less than that for fabrics No. 50 and 
No. 25. Both nitrogen and sulfur content tend to be lower for the 
fabrics containing large percentages of the reclaimed wool. Others 
(5, 7) have observed the same general trends. 



















Ta^ee 3 .—PhystcalAest data for storedf dyed flannels, 194^ 
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EFFECT OF STORAGE 

Control fabrics, stored for a time equivalent to the skirt wearing 
period, were kept at room temperature and in thoroughly sealed 
boxes to prevent moth infestation. Several differences in physical- 
test values between the characteristics of the dyed fabrics before and 
after storing ar<‘ noted. Physical-test data for the stored fabrics are 
given in table 3. ’ 

Comparisons of breaking strength indicate a slight increase after 
storage for all warpwise and fillingwise measurements, although this 
difference is statistically signilicant in only two instances, No. 25, 
warpw'ise (l-p(‘rcent level) a,nd No. 50, fillingwise (5-percent, level). 
On tlu^ other liand, bursting-strength measurem(*nts of the two gi’oups 
reveal a consistent d(‘.crease in mean strength for all stoned fabrics, 
differem^es which are significant only for fabrics No. 100 and No. 25. 
Fabric thickness incrc'ased upon storage, whereas number of yarns 
pel* inch, yarn twist, yarn number, strip elongation, and bursting- 
strength elongation varied within tlic range of sampling error. 

EFFECT OF STORAGE AND WEAR ON CUIEMICAL (COMPOSITION OF THE BLENDS 

Total ash content for fabrics No. 100 and No, 25 appears to increase 
after storage (approximately 1 year) and (wen more so after wi^ar. 
Fabrics No. 75 and No. 50 show an increase' in ash content after the 
wearing period, but storage effects are inconsistent. A d(*croase in 
nitrogen and sulfur is observed following both tlu' storage and the 
wc^aring periods. Tliere is some indication that fabric No, 25 is con¬ 
sistently low in both nitrogem and sulfur. Based upon these values, 
evidonc.es of cluunieal deterioration are, in general, more pronounced 
after the wearing period than aft(T the storage period. 

EFFECT OF WEAR ON GARMENTS 

To interpret the breaking-strength values for both warp and filling 
directions of the worn materials, th(' analysis of variance (6*, 9) was 
used. Pnwious t o its calculation, homogeneity of emir was d(^ter- 
mined by Bartlctt^s method Variability of the fillingwise break¬ 

ing strength within skirt sc^ctions was gn'ater than could be explained 
bj" errors of sampling. Although heterogeneous, those variable data 
are the only values for the description of fillingwise strength and since 
the main effects are of more concern than the interactions, in this 
analysis of variance tliese fillingwiso-strength data witc used. How¬ 
ever, the het(*rogeneous nature of th(*se values must bt* kept in mind 
during the interjiretation that follows. In all other instances homo¬ 
geneity of en’or was found. While this statistical treatment may be 
considered elaborate because of the limited number of replicates iri- 
volved, it is hoped that it may prove a guide in future studies of this 
kind. ' . . 

The means and standard deviations for warpwise and fillingwise 
breaking-strength determinations, in pounds, for the tliree sections 
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in each of three sldrts and for the four fabric blends are given in 
table 4. The analyses of variance <Jata used in th(' interpretation of 
' the warpwise and fillingwise breaking strengths are givim in table 5. 

Table 4, —Means and standard deviations of warpwise and fillingwise breaking- 
strength determinations for 8 sections in each of 3 skirls made of blended fiber, 

im 


Warp j Filling 


Fabric No. 
and .«ikirt 

Skirt No. 1 

Skirt No. 2 

Skirt No. 3 

Skirt No. 1 

Skirt No. 2 

Skirt No. :t 

section 


Stand- 


Stand- 

1 

Stand- 


Stand- 


1 ! 

stand- 


Stand- 


Mean 

ard de¬ 
viation 

Moan 

ar<i de¬ 
viation 

1 Mean 

ard de¬ 
viation 

Mt»an 

ard de¬ 
viation 

Mean 

jard de-| 
jviation. 

Mean 

ard de¬ 
viation 

No. m: 

Lbs. 

1 Lbff. 

Lbs. 

* Lbs. 

Lb.^. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

i Lbs. 

Lbs. 

Lb.H. 

Top. 

Middle--. 

.*13.70 

1.10 

33,30 

1.03 

.34.80 

0.82 

29.20 : 

1.78 

28.96 

1.24 

‘29.3.5 

0.82 

S.'i.lS 

.41 

34.30 

.92 

3.5.50 

.71 

30.25 

1.75 

;V).50 

.07 

:io.io ; 

.88 

Bottom -. 

34.30 

.79 

34.00 

.47 

35.16 

.07 

31.80 

2.10 

30.70 

2.00 

31.05 

1.21 

No. 76: 













Top-. 

29.0.'> 

.tMJ 

‘28.30 

1.08 

28.65 

1.77 

24.0f> i 

1..38 

25.80 

1.03 

*24.50 

1.20 

Middle--. 

20.35 

.94 

28.40 

1.35 

29.00 

.8) 

2.5.00 

.88 

25.0.5 ' 

.70 

2.5.80 

..59 

Bottom.. 

29. *20 

.76 

28.50 

.88 

29.30 

.89 

2.5.00 

.85 

25.90 i 

.78 

20.05 

.SO 

No. SO: 











1 


Tot) . 

Miadlo... 

24.80 

.75 1 

2:1.00 

.91 

23. .50 

.85 

21.10 

.88 

21.35 

.82 

19.90 

.74 

2*3.80 

.72 

23.95 

.98 

2*3.95 

.00 

19.95 

1.26 

21.15 i 

.82 

20.:i.5 1 

.fjK 

Bottom . 

24.05 

.94 

24.15 

.78 

23.00 

1.02 

*20.70 

1.10 

21.85 

.07 

I 21.55 ; 

.90 

No. 25: 








1 





Top. ...1 
Middle... 

18.80 

1.25 

19.85 

1.27 

19.65 

.76 

15.55 1 ..55 

17.40 

.40 

[ 15..V5 

.08 

19.85 

.71 

20.25 ' 

.64 

19.10 

.70 

16.60 

.70 

10. W) 

1.10 

17.05 

1 1.01 

Bottom... 

.-J 

20.10 

.70 

20,20 

.54 

18.40 

1.17 

16.00 

.84 

17.7.5 

.04 

17.85 

1.89 


Table .5. —Analysis of variance for warptvise and fillingwise breaking-strength values 
for the worn material containing various proportions of new and reclaimed wool 


1 

Oegrt'tiS of 

\V arp 

Filling 


freedom 

Mean square 

Moan scpiare 

Blends.. 

3 

3.702.1063** 

2,986.9981** 

Replications’ .. 

81 

. 7006 

1.3892 

Skijtts.. . 

2 

3.2646 

11. 7750** 

Sections.. - ... 

2 

6.3812 1 

41. 7250** 

Blends X skirts . . 

G 

9.4451*- 1 

4. 2ti70** 

Blends X sections-,.. 

0 

1.6896 

4.0269** 

Blends X skirts X sections. 

12 

2.0108 i 

2. ,5370* 

Skirts X .sections__ -... 

4 

.8677 1 

3.8625* 

' Brrca-...-.... 

243 

2.1077 1 

1.1458 

Total—..... 

359 








> RepUoatlons and interactions of replications and skirts and sections groui)ed. 

* Fvalae exceeds the 6-percent level of significance. 

** F value exceeds the l-percent level of significance. 

; From the latter it is seen that the range in warpwise breaking-strength 
values for the skirts as a whole and for sections of the skirts is insig¬ 
nificant. However, the variation of the fillingwise breaking-strength 
values, among skirts and among the sections of the skirt is highly 
significant. Evidently variation in individual wearing habits was 
msuffieient to cause noticeable differences among warpwise breaking- 
strength values for skirts made pf the same blend, while these same 
differences in wearing habits caused a significant difference m the 
fillingwise strengtii. The same is tTue for the warpwise aitd filliiig- 
- wise stren^gth values for various sections of the skirts. Because of the 
/ greater initial strength of the warp yarns^ it is possible that the amount 
accorded tne garments was insufiSfjient to alter the warpwisa > 
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The 81 degrees of freedom for the replications given in table f) 
include 9 degrees of freedom for replication alone, 18 for replication X 
skirts, 18 for replication X sections, and 36 for replication X skirts X 
sections. Tht*se have not been scparatc^d into their component parts 
because each represents a controlled portion of the variance due to 
fabric variation. The resulting mean square for both warpwise and 
fillingwise strength is nonsignificant:> Thus that part of the fabric 
variation that can be controlled and eliminated in the (calculations is 
small. 

The highly significant mean square for fabrics made of blended wool 
indicates that tlie average bnaiking strength for both wa.rpwis(‘ ami 
fillingwise directions was significantly different. Use of the t tost 
( 14 ) shows a consistent and progressively significant decrease in 
breaking str(»ngth of fabric. No. JOO through No. 25, warpwdse ami 
fillingwise. * 

Since mean square for interaction of blends X skirts, both w^irpwise 
and fillingwise, has been shown to be significantly greatei*. than the 
mean square for error, it is apparent that, on the av(‘rag(*, tl)e relative 
performance of the blends was not the same for all skirts. The same 
is tru(‘ for intt'raction betweem bhuids and se(‘tions for the fillingwise 
breaking strength. However, Uie fact that the interaction of blcTids X 
skirts and blends X sections did not exceed, significantly, the second- 
ord(T interaction, i. e., interaction among three variables, bhmds X 
skirts X S(*ctions, indicate that the differential rc'sponses in both 
skirts and sections are not likely to be reproducible. 

The statistically significant second-order iiiUu-aetion, l)lGnds X 
skirts X sections for the fillingwdsc breaking strength shows that the 
relative performance of theses blends in dimu’ent skirts was not the 
same in all sections. Since th(‘ moan square for blends was greater 
(1 percent level) than the mean square for both interaction of bhmds X 
skirts and bhmds X sections, it is indicated that bhuul perfonnan(?e 
was consistent enough to outweigh the influence of individual skirts 
and sections. From this we may bo sure that these bhaids would 
rank in the same order in future service. 

In general, an increase in warpwise breaking stnaigth for fabric 
blends No. 100 and No. 25 was ovidene(‘d in comparisons of valu(?s 
for fabrics before wearing with those for the worn ixiaterial from three 
sections of the garments. However, in two instances for each blend, 
the middle skirt section and the bottom skirt section, there w’as a 
si^iificant decrease in warpwise breaking strength. Rather consistent 
fillingwise breaking-strength increases are seen for blends No. 100, 75, 
and 50. The top skirt section, both warpwise and fillingwise, sliows 
fewer consistent significant difference's between the unworn fabric and 
the material from garments after wear and dry cleaning than do the 
other two skirt sections. Comparison of warpwise and fillingwise 
breaking-strength values for stored fabrics with those for material 
from the worn garments reveals few statistically significant differences. 

These fabricj-strength increases result, probably, from partial mat¬ 
ting or felting of the wool fiber and yam, in addition to some slight 
shrinkage (as indicated by yam count), which accompanies wear and 
dry cleaning. One thousand hours of we^r and seven dry cleanings 
were insufficient to cause much loss in the breaking strength of the 
four fabric blends in this study. 
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in strength between front and back skirt sections after 
wearing were evidenced in several oases by fairly consistent, positive 
or negative deviations from the mean breaking-strength values for 
the top, middle, and bottom skirt sections. It should be noted that 
the trends mentioned arc substantiated only by examination of the 
data and not by statistical analysis, but the fact tha( these trends are 
consist(»nt justifies their considfration. From warpwise and filling- 
wise breaking-strength values for the garments made of fabrics No. 
100 and 25, it can be demonstrated that the top front sections w(‘re less 
strong than the lop back, while the bottom back sections were less 
stnmg than the front. The bottom front sections of blend No. 50 
were consistently Icwor in breaking strengtli than the bottom back 
sections. Valuers for the middle sections of all gannents of all blonds 
showed no constant ndationship. 

Treating the front and back of the skirts as separate nniis., fabrics 
No. 100 and No. 25 gave e\ idenee of an o(|uh1 numb<‘r of cases when* 
either front or back strength was superior, while in the majority of 
cases for blend No. 75 the back exceeded the front in strength. The 
reverse was tru(‘ for blend No. 50. 

All in all, there is some evidence that, for the blends sliidi(‘d, the 
top front section of the skirt received more wear than the top back 
section, while the reverse was true for the bottom sections. Kxami- 
nation of the data reveals no consistent trend as to wheth(*r the skirt 
front or skirt back may be described as giving lower br(*aking- 
strength \allies or as to wheth(*r a specific blend reacts consist(*ntly 
toward the imposed wearing (‘onditions as regards skirt sections 

Analysis of variance of the bursting strength of tin* material from 
the worn pirments' (table 6) indicates a highly significant difference 
belw’een the fabric blends. Apparently little variation was dm* to 
individual wear habits or to possible interaction between fabrics and 
skirts. It should be noted tliat by not grouping mean sciuare of repli¬ 
cation ainl rejilication X individuals, variation due to replication aloin* 
is significant at the 5-percent level, suggesting either a difference in 
fabric bursting strength in various parts of the skirt or inadequate 
sampling. The latter inference is not wholly unexpected because of 
the sampling procedure arbitrarily chosen. 


TaBlk 6 .—Analysis of variance of burstwg-strengih determinations of (he worn 
garments (ontaming various proportums of new and reclaimed wool 


Blonds - 
Replicatiotis i - 

Blonds X skills. 
BjTor - .. - 

Totftl . . 



Viiiiation due to- 




PcgrcK^s of 
troodo’n 

Moan sunaro 






% 

3, 927 TSOb-** 






27 

7, m 2 

_ 





2 







C 

9 03118 



. , - 

. .* 

> * 

81 

6 5714 


. 


- ” - 


110 



^ Koplic^tiom nnd ropUcations X skirts grouped. 

** valuf) exooods tlnj l*por^nt level of slgnjficanoe. 
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One thonsand hours of wear plus seven dry cleanings resulted in a 
marked loss in bui'sting strength for fabrics from the thn‘e garments 
made of 100 percent new wool (table 7). The loss for fabrics No. 75 
and 50 was nonsignificant-, while only one garment made of fabric 
No. 25 showed a real loss in fabric bursting strength. However, there 
still exists the marked difference between the four blends after wear. 
Actual bursting-strength losses due tp wear and dry cleaning range 
from 5.15 pounds for skirt, No. 1 and No. 2 of blend No. 100 to 1.15 
pounds for skirt No. 2 of blend No. 25. It is interesting to note that 
the average loss in pounds for all bhuids decreases progressively, 5.03, 
2.97, 2.65, 2.60 for fabrics No. 100 to No. 25, respectively. 


Table 7. — Yarn-count, thickness, bursting-strength, and bursting-elongation values 
for the worn materials containing various proportions of new and reclaimed wool, 
'1942 



^'arn count 

^rhickno.ss 

Bursting stronpth 

Burstintr elongation 

Idoritiflcation 

i 

Warp j 

FillitiK 

Moan 

Standard 

deviation 

Moan 

Standard 

deviation 

Mean 

Standard 

deviation 

No. 100: 

Number j 

Number 

in,000 in. 

1i1,000 in. 

Pounds 

Pounds 

Pound 

Pou nd 

Skirt No. I , 

44.0 1 

40.7 

37.65 

1.01 

75. 05 

2.44 

0. 25 

0 

Skirt No. 2 

44.0 : 

40.6 

37.95 

.66 

75. 95 

2.75 

.26 

0 

Skirt No. 3. 

45, J 

40.0 

38.05 

1.00 

70. 30 

3.60 

.25 

0 

No. 75: 









Skirt No. 1. 

44.0 

.39. 0 

38.50 

1.62 

66. 26 

2.68 

.25 

0 

Skirt No. 2. 1 

43.8 

39.4 

38.10 

.70 

66.25 

2.34 

.25 

0 

Skirt No. 3. . . 

44 5 

39.7 

.39.20 

.02 

67.30 

2.45 

.25 

0 

No. 50: 









Skirt No. 1. . .. 

43.7 

39.4 

37.15 I 

1. 55 

59.05 

2.06 

.25 

0 

Skirt No. 2 . . 

43,6 

30.1 

37.25 

l.ll 

59.05 

2.34 

.25 

0 

Skirt No. 3 .. 

43.4 

30.3 

36. 40 

.88 

58.16 

1.73 

.25 

0 

No. 25- 









Skirt No. 1 . ... 

42.8 

30.4 

35. 75 

.98 

51.25 

2.71 

.26 

0 

Skirt No. 2. 

42.8 

30.0 

35. 55 

.86 

52. 20 

1.00 

.25 

0 

Skirt No. 3. 

43.0 

30. 2 

:15.00 

.97 

48.80 

2. 24 

.25 

0 


Bursting elongation after wear was the same for all fabric blends. 
The small decrease evidenced between bursting elongation of dyed 
fabrics before and after wearing was not statistically significant. 

As may be seen from tables 8 and 9, the highly significant mean 
square for blends, as shown by an analysis of vaiiance of both wai‘p- 
wise and fillingwise strip-elongation determinations, indicates real 
differences between the fabric elongation for the four blends. Fabric 
elongation differed in various skirt sections, both warpwise and filling- 
wise, although variation in elongation in skirts of the same blend was 
significant only in the filling direction. Since for both warp and filling 
directions, the interaction of blends X skirts and blends X sections is 
significant (l-percent level), fabric elongation variation for each blend 
is not the same for all three skirts and all three sections. In general, 
these first-order interactions exceed the second-order interaction, 
blends X skirts X sections, only at the 5-percent level, thereby allow¬ 
ing controversial interpretation as to the significances of reproducibility 
of results in this case. 

The skirt measurements taken before and after each d^ cleaning 
reveal that the skirt dimensions, with very few exceptions, either 
increased or remained the same throughout the wearing period. It 
appears that wear tended tq offset any permanent shrinkage which 
might be caused by dry cleaning. 
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Table 8. —Means and standard deviaiiane of iparpmse and fillingwise fabric^ 
elongation determinations in inches for S sections tn each of S skirts made of blended 
fiberj t94^ 


EabricNo. 
and skirt 
section 

Warp 

Filling 

Skirt No. 1 

1 

1 Skirt No. 2 

Skirt No. 3 

Skirt No. 1 

Skirt No. 2 

Skirt No. 3 

Mean 

Stand¬ 

ard 

devia¬ 

tion 

Moan 

Stand¬ 

ard 

devia¬ 

tion 

o 

Mean j 

Stand¬ 

ard 

devia¬ 

tion 

Mean 

Stand¬ 

ard 

devia- i 
tion 

Mean 

Stand¬ 

ard 

devia-1 
tion 

Mean 

Stand¬ 

ard 

devia¬ 

tion 

No. 100: 













Top.. 

0.81 

0.06 

0.80 

0.06 

0.84 

0.07 

0.81 

0.10 

0.80 

0.07 

0.87 

0.07 

Middle_ 

.80 

.05 

.84 

.07 

.88 

.04 

.92 

.06 

.87 

.06 

.92 

.06 

Bottom- 

.94 

.06 

.89 

.06 

1.00 

.08 : 

1.01 i 

.06 

.93 i 

.08 

.98 1 

.10 

No. 76: 













Top_ 

.72 1 

.06 

.72 

.06 

.73 


.70 

.10 

.80 

.07 

.81 

.06 

Middle_, 

.78 

.04 

.7.T 

.05 i 

.79 

.06 

.81 

.03 

.79 

.03 

.87 

.05 

Bottom. 

.81 

.06 

.86 

.08 

.83 

.07 

.81 

.06 

.85 , 

.05 

.93 

05 

No. SO: 













Top,- 

,67 

.07 ! 

.62 

.06 

.65 

.07 

.72 

.03 

.70 

.05 

1 .67 

. 0.5 

Middle. 

.04 

.05 

.65 

.06 

.62 

.04 

.67 

.05 

.71 

.03 

.72 

.06 

Bottom. 

.71 

.03 

.69 

.03 

.69 

^ .06 

.73 

.05 

.75 

.07 

■ .70 

.07 

No. 25: 







1 






Top... 

.61 

.06 

.53 

.07 

.61 

.03 

.54 

.0.5 

.59 

.06 

.55 

^ . 0.5 

Middle.. .. 

.52 

.04 

.65 

.05 

.50 

.0.5 

.59 

.06 

. f.3 

.07 

.61 

.0:* 

Bottom. 

.56 


.55 

.0.5 

..53 

.05 

.64 

.07 

..59 

.06 

.62 

.06 


Table 9 .—Analysis of variance of warpwise and fillingwise fabric elongation for 
the worn materials containing various proportions of new and reclaimed wool 


Variation due to— 

Degrees of 
freedom j 

Warp j 

Filling 

Mean square | 

Mean square 

Blends.... 

3 

1.9883** 

1. .5956** 

Replications '... 

Skirts.. . _ , . 

81 

2 

l§ 

.0043 

.0220** 

SiHJtiona. .. . . 

2 

.1952** ! 

.2064** 

Blends X skirts... 

6 

.0130** 

.027,3** 

Blends X sections.. .. ... 

6 

. 0177** 

.0200** 

Blonds X skirts X sections.. 

12 

.0038 

.0079* 

Skirts X sections ... 

* \ 

.0009 

.0070 

Error............ 

243 

.0030 

. 0030 

Total-,...... .„ . 

359 








> Explications and interactions of replications and skirts and sections grouped, 
••sssir value exceeds the 5-percent level of si^ficanct;. 
value exceeds the l*percent level of signiflcanee. 


Variations in yarn count among the unworn dyed fabrics and fabrics 
from the 12 skirts differed no more than 1 to IK yarns per inch for 
either warp or filling directions, indicating relatively stable yam 
count regardless of tlie imposed wearing conditions, as would be 
expected. 

At the of the total Wear period materials from all garments had 
increased in thickness, althou^ not significantly more than the in¬ 
crease observed during the storage period* Fabric No. 25 continued 
to ^ the thinnest fabric blend. 

^ SUMMAEt 

Four flannel fabrics containing various proportions of new wool of 
^ higb-quali^ sweater chps wei^ mad into 12 fohr- 

gme to women students at 
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Colley for ft wearing period including 1,000 hours of wear and 7 
dry cleanings. 

Physical and chemical tests wej^ made on the blended fabrics after 
they were received from the dyers, after the total wearing jjeriod, and 
after a storage period equivalent in time to the skirt wearing period. 
It should be emphasized that the data and interpretation reported 
herein pertain only to fabrics made gf the particular quality of new 
and reclaimed wool fiber used in this study. 

Percentage loss, based on the strength of the 100 percent new-wool 
fabric, in warpwise breaking strength which resulted from the blend¬ 
ing of new and reclaimed wool used in this study ranges from approxi¬ 
mately 12 percent for fabiic No. 75 to 46 percent for No. 25. Filling- 
wise breaking-strength and bursting-strength values also reveal 
significant strength decreases throughout the series from fabric No. 
100 to No. 25. • 

Increases in fabric thickness and in certain breaking strength deter¬ 
minations and decreases in certain bursting-st'rength detenninations 
w(^re obseived when comparing values for stored material with those 
for the material before storing. Other physical measurements for the 
stored materials varied within the limits of sampling error. 

Both nitrogen and sulfur content, calculated on a moistiu‘o-free 
basis, tend to decrease for the dyed fabrics containing large percentages 
of reclaimed wool; howc'ver, this decrease does not hold consistently ior 
the stored and worn blended fabrics. A decrease in nitrogen and 
sulfur was found following the storage and the wearing periods as 
compared to the con'osponding newly dyed fabrics. The total ash 
content for all blends increased after the wearing periods. Evidences 
of chemical deterioration appear to be more pronounced after the 
wearing period than after storage. 

Analysis of variance of breaking-strength values for the skirt fabrics 
gave evidence that variations in individual w^ear habits were not 
sufficient to cause noticeable differences among warpwise breaking- 
strength values for fabrics made of the same blend, while a differential 
influence of wear on the filling yams was noted. The relative per¬ 
formance of the blends was not the same for all skirts or for all skht 
sections. However, the differential responses for both skirts and 
sections are not likely to be reproducible. It is demonstrated that 
blend performance was consistent enough to outweight the influence 
of individual skirts or sections. One thousand hours of wear and 
seven dry cleanings were insufficient to cause much loss in breaking 
strength of the four fabric blends used in this study, but actual burst¬ 
ing-strength losses due to wear and dry cleaning ranged from 5.15 
to 1.16 pounds. Fabric elongation, as measured by both warpwise 
and fiUingwise strip-elongation determinations on the worn fabrics, 
decreased significantly from fabric No. 100 to No. 25. 

The statement that wool fibers reclaimed from unused knit material 
are not damaged suflSciently *‘to seriously diminish their original, 
natural intrinsic protective and service qualities” (/) is not suppoited 
by these findings. 
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DETERMINING NET RAINFALL UNDER A CONIFER 

FOREST ‘ 

« 

By H. G. WiLM* 

Silviculiurisiy Rocky Mountain Forest and Range Rgperiment Station,^ Forest 
Service, United States Department of Agriculture 

INTRODUCTION 


It is generally accepted that considerable quantities of rainfall and 
snowfall are intercepted by tree crowns in the forest. Where water 
supply or flood control is a crucial factor in regional economy, how¬ 
ever, those responsible for management of watersheds need to know 
more exactly how much of the total precipitation reaches the ground 
beneath any forest canopy, and to what jcxtent this quantity is 
augmented by removal of trees in timber-cutting operations. In 
research on methods of watershed management, measurement of 
unintercepted or “nef precipitation is indispensable. Since con¬ 
trolling conditions may vary considerably within a- single forest-type 
7.one in any given region, this measurement presents a rather involved 
problem in sampling. 

Interception of precipitation by trees has been studied by a number 
of investigators during the past 60 years and more, but practically all 
of this research has been based on measurements referred to individual 
trees. Estimates of effective or net precipitation per acre have been 
obtained only by conversion. Results of the earlier work on inter¬ 
ception, especially that done in Europe, have been summarized by 
Zon (//) ^ and Horton (2), 

Among more recent, results are those detailed by Horton (^), who 
studied interception by open-grown and hedge trees of various species 
in New York State. There he found that the initial storage capacities 
of individual trees ranged from 0.02 to 0.07 inch of precipitation. 
Pines and hemlock stood midwaj" in the scale, which included species 
of willow, basswood, maple, oak, horsechestnut, beech, apple, ash, elm, 
and hickory. Net rainfall imder the trees ranged from none, for ob¬ 
served storms below 0,07 inch, to about 75 percent of the total in large 
storms of long duration. 

Other recent studies include those by Beall {!) and Lunt W), and 
one by Kittredge et al. (3) in a young plantation of Canary pine in 
California. Kittredge found that interception by tree crowns ranged 
from 17 to 28 percent of the season's precipitation, with an initial 
storage of 0.02 to 0.04 inch per storm. 

In 1938 and 1939 Wicht (7) m South Africa attempted to make 
direct measurements of net precipitation under a forest canopy in a 
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stand of gray poplar {Populus canescens). Wicht employed four rain 
gages and, by moving the cans from place to place, sampled rainfall 
at a total of 20 sites within his sample plot. Sampling errors were 
computed from records for rain gages which were located not at 
random but mechanically along the sides of a 50-foot square. ^‘Gross’’ 
rainfall was measured by means of a single gage in the open, 350 feet 
from the sample plot. 

In its watershed management studies in the lodgepole pine type in 
Colorado, the Rocky Mountain Forest and Range Experiment Station 
had need for a similarly direct means of measuring the influence of a 
forest canopy of mature timber on not precipitation. Accordingly, 
the writer (9) in 1938-40 made a detailed study in this type and class 
of timber of the effect of timber cutting on net rainfall and flow* of 
rainfall along tree stems, excluding the interception of snow, wdiich 
was the subject of a seporate investigation (8), The results showed 
that stem flow was negligible and that cutting in general augmented 
materially the net rainfall; but the data on influence of cutting inten¬ 
sity were somewhat inconclusive. Minor discrepancies in the effecls 
of treatment as measured in that study were thought to be due to 
errors of sampling of interception in a forest. For this reason, and 
because earlier studies of rainfall interception have shown deficiencies 
in experhnental method, the experiment was redesigned and repeated. 

The objectives of the second study, conducted in the summer of 
1941 and confined to rainfall only, were to provide a check on earlier 
results and, by means of an improved experimental design, to measure 
more accurately the influence of cutting intensity upon not rainfall; 
also, to demonstrate that an efliciont design makes it possible to obtain 
accurate results with a minimum of work and (expenditure for equip¬ 
ment, In view of these objectives, the results and conclusions 
recorded here quite naturally and unavoidably stress method and 
design equally with the biological and physical aspects of the study. 

EXPERIMENTAL SITE AND PLOTS 

Together with related investigations in watershed management, 
this study was conducted on the Fraser Experimental Forest, at the 
headwaters of the Colorado Riv(*r near Fraser, Colo. The type is 
mature lodgepole pine (Pinus contorta latifolia), the average eleva¬ 
tion 9,300 feet. Wc^ather conditions, topography, and forest cover 
are typical of the general zone. The plots include considerable 
variation in slope, exposure, and timber-stand characteristics. The 

f reater part of the annual precipitation on the area occurs as snow, 
lainfall during the snow-free period (June through September) 
ranges from about 3 to more than 10 inches. Individual rainstorms 
are ordinarily gentle and light, averaging about 0.25 inch and seldom 
exceeding 1 inch in depth. 

The experiment was conducted on 20 plots, each 5 acres in area, 
grouped in 4 blocks of 6 plots each. In eacli block, 4 intensities oi 
cutting treatment had been applied in 1940, and the fifth plot was 
uncut (fig. 1). The 4 kinds of treatment, assigned to as mapy plots; 
in^cfacli group at random, had left commercial reserve stands of 0, 
2,000, 4,000, and 6,000 board feet per acre, respectively. By “com- 
merciaF’ reserve stand is meant residual merchantable trees more 
^an 9.6 inches in breast-height diameter. Cutting was restricted 
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to trees above that size: thus even the *VJear-cut^^ plots contained 
residual stands of small and unmerchantable trees. As a minor 
treatment, on half of each treated plot tin', undesirable trees were 
removed by cutting. Tlie othe'r plots were given no stand improve¬ 
ment. 

SOURCES OF VARIATION AND METHODS OF SAMPLING 

* 

The considerable variation characteristic of net rainfall under a 
forest canopy may be divided into two general classes, each having 
s(‘veral sources. Tlu' first class includes variations common to aU 


PLOT NUMBER 





FtnuRii 1.—Distribution of treatments, in four randomized blocks. Figures 
* under plot diagrams signify commercial reserve stand per acre in board feet. 
Hatching signifies timber-stand improvement. 


observations of net rainfall on a given area or a given plot; the second, 
variations among individual observations within the area or plot. 

In the present experiment the average net rainfall on any half-plot 
may deviate from the “true^^ average—for all possible like-treated 
half-plots in the universe of mature lodgepole pine—because of local 
effects of altitude, exposure, and relatecl factors on gross rainfall. 
It may differ also from averages for other half-plots because of varia¬ 
tions in character of the for^t from place to place; the various plots 
and half-plots may not have been alike before treatment, and each 
treatmeni may not have Ijft the same residual stand on all the 
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|>lots to which it was applied. Variances (squared standard devia¬ 
tions) due to these sjources of variation represent the true inU'raetion 
of treatment with l>loek—the differential in response of net rainfall 
to treatment among tno several blocks. This interaction affords a 
strictly unbiased estimate of experimental error only if ea(‘h block 
has been located at random in the universe of mature lodgepole pine 
and if variations among plots in the intensity of a given in*atment 
represent a random sample of all possible* variations in tliat treatment. 
In practice such conditions can seldom be quite fulfilled; ordinarily, 
in any experiment such as this, areal limitations preclude random 
sampling of tlie universe under consideration. Then the estimated 
experimental en‘ors are correspondingly limited in general utility, 
and judgment and conservatism must be used in extending results 
to other areas. 

Sources of \ariationa in the second class an* commonly call(‘d 
sampling errors. Since it is impraeticable to nu^asiire ev(*ry possible 
variation in net rainfall on each half-plot, an attianpt must be made 
by sampling to obtain a reasonably accurate estimate of the true* 
average net rainfall. The extent to which the av(*rage of tin* sample 
will deviate from the trut* average depends upon the number and 
distribution of samples and upon the magnitude of variations in net 
rainfall within the lialf-plot. These variations (aside from personal 
and instrumental (‘rrors) may arise from three general sources: ( 1 ) 
Variations in forest cover density from place to place uitlnn the })lot; 
( 2 ) variations in net rainfall at a single samtding spot, for storms of 
the same size; and (3) variations in gross rainfall from storm to storm 
and from place to place within the plot. 

The magnitude of each sampling obser\ation vill deviate more or 
less from the true average of net rainiall according to the sizes and 
directions of the variations arising from these sources. Jf all the 
components of variation are random and independent in character, 
the mean value of each or their joint value wdl approach zero as the 
number of plots withiU the universe and the number of samples taken 
within a plot inerease. The variations themselves may bt* random 
and compensating; th<*ir squares, on the other hand, are all positive, 
and the variances due to all components of variation are added together 
to form the variance for experimental error. 

Assuming that all the variations in both classes are random and 
independent in the probability sense, we may express the magnitude 
of any single observation by the equation. 

+ ( 1 ) 

in wiucb Xij is any single sample of not rainfall at sampling place j 
within the half-plot i; P is the true average not rainfall for any single 
treatment; a is a component of random variation arising from all 
sources common to a single plot or half-plot; and 6 i, 62 ? and 63 are the 
yariaiious of the second class arising from the three general sources, 
in the order listed above. The true value P cannot be determined; 
it is possible, however, to estimate the variance of sample observa¬ 
tions around the true value by employing the familiar formula (with 
extensions to include two or more categories of variation) 

n —3 


(«) 
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in which is the estimated variance, S is a sum, x is any sample 
observation, x is the average of all observations, and n is the number 
of observations. Then, in terms*of variances, equation (I) may be 
expressed as 

(HI) 

in wliich St“ is the variance of a singje sampling observation for any 
one treatment and Sa <‘tc. are variances due to the four components 
of variation mentioned above. In subsequent discussion these 
variances will be identified only by tJieir subscripts (capitalized), as 
for 

If the largest practical number of uniform blocks has beeti estab¬ 
lished and the treatments carefully applied, the A component is 
unchangeable in the magnitude of its mfiuence upon the av<u'ag(^ net 
rainfall UTider each treatment. Since, how(>^er, the error variance of 
anv average decreases directly with the number of observations, the 
influence of the B components may be minimized by taking a maxi¬ 
mum number of samples of net and gross rainfall within each half- 
j)lot; and B^ may be largely removed by adjusting net rainfall to 
values expected for the average gross rainfall of aU samples. In 
addition it is possible*, by proper design of the sampling procedure, to 
evaluate the individual influence of each B component. 

For the present study, the objectives of sampling were to obtain 
tieatnnuit averages accurate within approximately 5 percent, and to 
obtain an unbiast'd estimate of each component of error. 

Very rough estimates of sampling errors derived from earlier 
studies indicated that rainfall should be sampled at not less than 10 
places on each 2!^-acr(‘ half-plot. According to past procedure 400 
pairs of rain gages would be reotimed, one member of each pair to be 
used for measuring net rainfall and the other for measuring gross 
rainfall. One season's records would then include roughly 10,000 
to 12,000 pairs of observations. Since this nupiber seemed excessive, 
and since earlier studies had indicated that the errors due to variations 
in storm size could be largely removed by regression, it was decided 
to simplify sampling by partial confounding of the B^ component with 
the two other components of sampling emror within each half-plot. 
Accordingly 12 rain-gage locations were s(dect(d at random for the 
measurement of net rainfall on each half-plot. Then one pair of 
8 -inch standard rain gages was assigned to each half-plot. The ‘‘net” 
gage was placed at one of the 12 selected sites, then the gage to be 
used for measuring gross rainfall was placed in the center of the 
nearest available opening of a size large enough to free the records 
from interception effects—at least 30 feet in diameter. After each 
storm the “net” rain gage was moved to a new site, and the “gross” 
gage placed in the nearest suitable opening. Thus a series of 12 
storms gave 1 complete circuit of the locations on each half-plot. 
For the succeeding 12 storms, the same locations were used in newly 
randomized sequence. Thus after 24 storms 2 pairs of readings were 
available for each of 12 locations on each of 40 half-plots—a total of 
960 observations. * 

Depth of rainfall was recorded in inches. Since the locations fqr 
measurement of net rainfall were randomized over each half-plot, the 
resulting data expressed net. and gross rainfall directly in inches per 
unit of plot araa. 





METHODS OP ANALYSIS 

The study was so designed that analysis of variance and covariance 
(dy 6) could be applied. The null hypothesis to be tested was that 
differences in net rainfall associated with the major and minor treat- 
pients were no greater than variations, due to uncontrolled causes, 
which might occur by chance. In simplified terms, the analysis 
partitioned the total variance \'squared standard deviation) of the 
study into two general classes, the variances between and within 
groups of data (see table 2). The former, measuring controlled 
variation, are the variances betw^een major treatments (1), between 
blocks (2), and between minor treatments (3), and the interaction of 
major and minor treatments (1X3). The ^*within'^ variances, 
measuring uncontrolled variation, are composed of the several mean 
squares which form the experhnental errors for testing treatment 
efieets. The interaction of major treatment with block forms th(' 
experimental error appropriate for testing major treatments. The 
mmor-treatment eiTor includes three variances—the interaction of 
minor treatment with block (2X3), the triple interaction (1X2X3), 
and the variance between the halves (both untreated) of each uncut 
plot. Each of the two experimental eri’ors is the sum of variances 
arising from all sources of sampling error. 

In order to minimize sampling errors due to variation in gross raiu- 
M1 (Ba), all the variances mentioned above w^ere adjustt^d by regres¬ 
sions of net rainfall on gross. As a result, (',ach of the two other 
components of sampling error within plots {Bi and B 2 ) has confounded 
in it the errors of estimate of the regression of net rainfall on g!*oss. 
In subsequent discussions, the variances expressed by B^ and B^ 
will be understood fo include this residual portion of 

As usual, the procedure in analysis of covariance involved simply 
the computation of average net rainfall per plot and per treatment, 
ad jilted to the average value for gross rainfall, and, for tests of 
sigtiificancc, the calculation of mean squares for all components of 
variation, adjusted by the ^*en’or^^ recessions of net rainfall on gross. 
Individual storm observations as well as half-plot averages were used 
in this analysis, in order to provide estimates of sampling errors. 

On the assumption that each of the several components of variation 
contributed a si^iificant amount to experimental error, the valuation 
of fliese components for the major-treatments error in the present 
study may be laid out as follows: 


Mean square (errors of estimate): Components 

Within rain-gage locations...B 2 ( 1 V) 

Between locations witliin half-plots-.-_(V) 

Interaction of block and major treatment .... 48A-H2Bi+B2 (VI) 


Similar formulas are applicable to the minor treatment. The formula 
for interaction is simply III modified to fit the mean squares computed 
in the variance analysis. The '‘between locations^^ mean square does 
not contain the variance A, which is common to all observations 
.within a half-plot, and the "within locations- mean square contains 
neither A nor Bi, which is common to all Pbsorvations at a single 
location. 

• Each component is a ^uared standard deviation, and the numeri¬ 
cal coefficient of each is the number of 'observations (It) naaking up 
e^h subclass sum from which the mean squares were computed {5; 
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6?, sections 10J3 and 17,8). Thus the^^within sites^^ term is a variance 
of individual observations around the mean of two readmits, k beings 
1; the major-treatment interacticm, on the other hand, is a mean 
square which is 48 times the corresponding variance of whole-plot 
averages (each average based on observations of 2 stoims in each of 
12 locations on 2 half-plots—48 observations altogether). 

Since the experiment was designed J-o provide numerical values for 
each of the above-mentioned mean squares, an estimate of each com¬ 
ponent of error could be obtained by successive solutions of expres¬ 
sions V and VI {10). 

RESULTS 

When adjusted to the average gross rainfall ® for all plots, the aver¬ 
age net rainfall per storm indi(*ated a strong and consistent eflect of 
the major treatment (table 1). Consideriiig the half-plots which 
were not sulqected to stand improvement cutting, only 68.4 percent 
of the gloss precipitation reached the giound on the uncut plots, but 
90.4 percent did so on the clear-cut plots. Values for the ollirer major 
treatments approximated a straight line between the two extremes. 
Figure's from earlier cixperirneiits (9) agreed well with these, except 
that the limuir relation of net rainfall to treatment was obscured by 
(experimental error. 

In striking contrast with tlu' pronounced (effect of the major treat¬ 
ments, influence of tirnbc'r-stand improvement was apy)arently lack¬ 
ing. The advantage shown by the ^‘improved’’ half-plots over the 
unimproved in net rainfall amountc'd to only 2.0 percent of the gross 
rainfall. The non significance of this quantity is demonstrated by two 
facts: In the 6,0()()-board-feet treatment, net rainfall was actually 
greater on the unirnprovcal half-plots than on the improved; and the 
uncut half-plots show't'd as much variation among themselves as oc¬ 
curred between the improved and unimproved cut-ov('r half-plots. 

Tablk 1, —Average net rainfall per storm, adjusted to average gross rainfall^ 


Stand per acre after major treatmenl. 
(tK)aTd feel) 

Improved 

half-plots 

Unimproved 

half-plots 

Average 

11390 2-.... 

0,000.. ... . , 

4.000.. 

2,000... 

Average. 

Average for tn^ated half-plots.. 

Inches 

0.176 

.199 

.216 

.220 

.238 

Percent 
70.0 
79.6 
so. 4 
88.0 
95.2 

Inches 

0.171 

.205 

.m 

.211 

.226 

Percent 

68.4 
82.0 
83.6 

84.4 

90.4 

Inches 

0.173 

.202 

.213 

.216 

.232 

Percent 

69.2 
80.8 

86.2 
86.4 
92.8 

.210 

.218 

84.0 

87.2 

.204 

.213 

81.6 
85.2 

.207 

82,8 


‘ Net rainfall has been adjusted to an average gross rainfall of 0.250 inch. This average is the base of the 
FKjrcentages. 

* No major treatment; neither baW-pJot was improved. 


The indications in table 1 are supported by the analysis of variance 
and covariance (table 2)* The differences associated with major 
treatments were found to be significantly greater than the chance 
variations expressed by experimental error (F= .0756-4-0.00527 = 14.3; 
p. ^ <0.01). Further, each individual treatment resulted in net rain¬ 
fall significantly greater thm that occurring under virgin conditions,’ 


»The average gross raiulell was 0.25 Inch per storm; a total of 5.99 inches of rain was recorded in 24 storms 
between May and Sep^mber 1941. \ 










Table 2,-^ Analyns of mriance and eomrtanre, net rainfall per atorm 



Net ralnM 


Errors of estimate > 

Source of variation 

Degrees 

of 

freedom 

Mean 

square 

r ® 

Degrees 

of 

freedom 

Mean 

square 

Total. 

959 

0.0361 i 

0.8825 

958 


Between means of: 

(1) Major treatments.. ... 

4 

i 

.1201** 


4 

0.0756** 

(2) Blocks.-.. .-. 

3 

.0247 


3 

.0234* 

(3) Minor treatments... . 

1 

.0069 


1 

.0068 

Interactions; 

(lx2)a...... 

12 

.0087 

.4450 

n 

.00527 

(1x31.. 

3 

.0055 


3 

. 0051 

(2 X 3), (1X 2 X 3), and within uncut plots. 

» 16 

.0056 

.0460 

15 

.0060 

Within half-plots (samplingerror): 

(BO Between locations.... 

440 

1 .0359 

.8776 

439 

.00441 

(B®) Between storm.s within locations. 

480 

.0356 


475 

, 002.58 


tiegression formulas: ^ 

lu Intoraction 1X2: JT-O.O.MQr-O.OSlS: r«*+0.667.* 

, In sampling error Bi: E«0.fli667 a;—0.0342: r=»+0.937.** 

, ' In sampling error Bj: TTncut: B»0.80461—0.0290; r~+0.946.** 

6,000 board foot: E^(iM77 1-0.0I49; r»+0.948.** 

4,0(K) board feet: B«0.9055ar-0.0131; r-+0.9«i.** 

2,000 board feet: 7?«0.8933.r-0.0074; +0.966.** 

0 iKmrd feet: B--»0.9897i-O.OlM; r=^+0.$6)3.** 

The Bi regressions differ significantly fmni each other (B—7.236^ 

» Around “error” regressions of net rainfall on gross rainfall. 

• Experimental error for major treatment. 

»Experimental error for minor treatment. 

as can be shown by analysis of the single degree's of freedom associated 
with the treatments (for example, for the 6,000-board-foot treatment 
J^==13.8). It is improbable that the magnitude of apparent effects 
of major treatments was appreciably influenced by tlie minor treat¬ 
ment, since the interaction of major and minor treatments was no 
gi'eater than its esperimental error. 

The mean square expressing effect of minor treatment on net rain¬ 
fall was onlv slightly lai^er than the error mean square. 

The results of tests of treatment effects are presented in table 2 
in the column errors of estimate,*^ which show's all effects adjusted 
to the average size of storm for all plots. The procedure of adjust¬ 
ment materially augmented experimental precision in comparing the 
mai-jor treatments; this is shown by the reduction in size of the error 
mean square (0.00527 for adjusted as compared with 0.0087 for un¬ 
adjusted averages). It is sounder in principle than the more common 
reeburse of analyzing net rainfall or inten^eption as a percent of gross 
rainfall. 

Aside from the tests of treatment effects, table 2 presents regression 
statistics which cast additional light on the influence of major treat¬ 
ments upon net rainfall. Of the numerous errorregressions within 
t:reatments, only those computed for sampling error Bz varied sig¬ 
nificantly among the five major treatments. Accordingly an indi- 
tidhal regression formula was computed for each treatment j and the 
Bz mean square in table 2 is the average of the errors of estimate for 
tlie five regressions. By equating each of these formulas to zero, 
the initM crown storage per acre was computed (with soma error) for 
each major treatment. According to the computations about 0.036 
inch of rain bad to fall on the uncut stands before ainy rainfall pene- 
Jifated the forest canopy. The ooiresponding figures for the four major 
treatments^ in ascending order of trej^tment intensity, are 0.017, 
0;014^ 0.008, and 0.015 in^. By use of these fbrinul^ net rainfall 
oh these particular plots be computed with coh^eraU^ accuracy 
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for any given storm value. In a storm of 0.60 inch, for example, the 
net rainfall on the uncut plots would be about 0.45 inch; on the 
**clear-cut'' plots, about 0.58 inch. The error of these predictions 
may be estimated by use of the formula 


17 —-L 

\ E - 




+ {X-x) 

‘9 



in which Ve is the variance of the predicted value for net rainfall; 
Vy,x is the mean square for (‘rrors of estimate {B^) \ ^ is the gross rain¬ 
fall from which net rainfall is estimated (0.60 inch); ^ is the mean 
gross rainfall on which the regression was based; and Sx^ is the sum of 
squares for x in the regression data. For the uncut plots in a storm of 
0.60 inch, 


0.00258 , ^ ,/0.00258\ 


0.000013 + (0.1225) (0.000578) 0.000084. 


The con*esponding standard error is ±0.009 inch, about 2.0 percent 
of the estimated net rainfall of 0.45 inch. Similarlv, the error of the 
computed '^initial storage" on the commercially cfcar-cut areas was 
found to be ±0.0057 inch; thus the deviation of the computed value 
(0.015 inch) from the strong trend shown by the other treatments is 
probablj’^ due to chance. 

Examination of the mean squares for the several components of 
cJTor reveals that neither experimental error greatly exec^eds the de¬ 
sired limit, 5 percent of the average net rainfall. "For major treat¬ 
ments, the standard error of treatment averages is ±0.0052 inch 


/ /().00527\ 

W"192 / 


or about 3,0 percent of the lowest average value per 

storm for a single treatment (that for uncut plots, 0.173 inch). For 
minor treatments, the corresponding standard error is *0,0035 inch, 
or 1.7 percent of the average value per storm (0.204 inch) for the 20 
unimproved half-plots. 

Since the error of the major-treatmoiit averages exceeded 5 percent 
(3.0 percent times t at the 0.05 level for 11 degrees of freedom—about 
6.6 percent), it may be illuminating to analyze the moan square for 
the experimental error of major treatments; that is, to determine the 
magnitudes of its several components and estimate in what way ex¬ 
perimental error can most efficiently be brouglit down to the desired 
limits. In the present study this analysis was soimwhat academic, 
since the major treatments were shown to have very signiheant 
effects and the minor treatment to exert no appreciable influence; 
however, exposition of the method and evaluation of error components 
may assist in preparation of eflftcient experimental designs for future 
studies. 

As has been pointed out (expression VI), the interaction of block 
and major treatment has tliree general components of eiTor; its mean 
square may be expressed as 48-A+2J?i±^2. Parenthetically, then, 
the variance of treatment averages may be expressed by the equation 


mean square MS 
\ "^ 48 >< 4 .'~ 4 ” 
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since the mean square for single plots is 48 times the variance of plot 
means and each treatment average is based on 4 plots. From avail* 
able data numerical estimates of each of these tliree components can 
now be computed. In table 2 . the adjusted mean square®for variation 
'‘between locations within hali-plots^' (0.00441) contains variances due 
to the random error of measurements at a single location —0.00258) 
and due purely to variation in net rainfall from place to place within 
a half-plot since the average for each location is based on two 
storm observations) Thus 

0.004410.00258, and 
0.00092 

Then the mean square' for experimental error may be analyzed as 
follows: 

0 0052r=484+0.00188 f 0.00258; 

48^1 =-0.00086, and 
wd---0.000018. 


Now it can readily be seen, by comparing the magnitudes of /? 2 , 
2 Bi, and 48^, that the interaction mean square is composed chieHy 
of sampling errors, which in turn consist chiefly of variations betwei'ii 
measurements at a single site. Since (he given arrangement of ol)- 
servations failed to yield average's accurate within 5 percent, it is de¬ 
sirable to make one or more of these components of error smaller if 
possible. The A component is so small that further reduction by the 
use of additional plots would seem unnecessary;and the B 3 (‘omponent 
(due to storm size) has been reduced as far as possible' by the regres¬ 
sions of net rainfall on gross. Either of the tw^o other B components 
can be reduced, however, by increasing the number of loc'ations sam¬ 
pled or the number of storm observations at each location. 

Assuming that the several components have been estimated with 
reasonable accuracy, it is not difficult to work out the arrangement 
of storm observation A which is likely to reduce most efiBciently the 
error ot treatment averages. The first step is to ascertain the most 
efficient ai*rangement of samples; that is, to estimate what number of 
observations at ea<*li location will provide maximum accuracy with 
least work. For this purpose, use may be made of the formula 




ciB ) 

s in which k is the optimum number of samples to be taken 


at a single location and c is the number of samples wdiich can be taken 
at each place in the time required to move to a new location and set up 
the rain gage for a new reading. In the present study c may be taken 
as unity, because it is believed necessary to move gages after each 
storm. Then, 

^'=0:S='2-8043, and *-1.67, 


or, in round numbers, two observations at each location. Thus, in 
order to reduce the error of treatment averages to the desired limits 
, wiiti a mini mum of work, it is desirable to sample additional locations 

«ITnadlust«4 mm SQtiares could not be used iu this analyv^ls. Siuee storm size was assigned at random 
only to ladivldmt within half-plots, the unadjusted mean squares for sampling errors are much 

larger than the eurresiwnaing mean squares tor the two expentncntal errors* to wjhmh storm »l*e was not 
randomly apportlonea , 
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rather than take more samples at each of the 24 places within each 
whole plot. 

Now the number of locations required to provide tin' dc'sired 
standard error (about ±0.0043 inch) may be estimated by solving tlio 
interaction formula equated to ku the desired number of locations* 

Bi + B2/2 

In this case 

0.00092+0.00129 
^ 0.000074—0.000018 " 

or about 40 locations. 

By another solution of the same formula it is possibh^ to demon¬ 
strate th(‘ greatly increased sampling efficiciicy obtained by moving 
gages between storms instead of using gages left in the same place for 
an equal number of storms. Jf 40 storms wtTe measured with each 
jiair of gages, for example, about 340 pairs of gages at fixed locations 
(at least 17 pairs per whole plot) would probably be required for the 
experiment in order to provide treatment averages accurate within 5 
percent; or, if 24 storms were measured witli each pair, well over 200 
pairs of gages at fixed locations would be necessary to attain the 
pr<*S(‘nt accuracy of 6.(5 percent. In the first of these two examples, 
th<‘ calculation was as follows* 

, 0.00092 -0^0258/40 (h000984^ 

*’■ 0.000074 - 0,000018 '0.000056“*' '^’ 

or, in round numbers, 17 pairs of gages per whole plot. 

The relative efficicnicy of tlie recommended sampling method is 
obvious when the labor and (equipment required by the alternate 
procedure are considered. With rain gages gt fixed locations, the 
necessary investment in gages alone would be prohibitive for most 
studies^- about $2,000 (at $3 per instrument) as compared wdth $240 
for the 80 gages employed in the present experiment. The labor of 
reading 680 rain gages would greatly exceed that of reading and 
moving 80 gages; and the effort required for compiling and analyzing 
27,000 individual stonn observations would hardly be pleasant to 
contemplate. 

SUMMARY AND CONCLUSIONS 

Analysis of the results of the experiments described here reveals 
a signincaut relation between de^ee of tfimber cutting and amount 
of rainfall reaching the ground. Cutting mature lodgepole pine to a 
commercial reserve stand of 6,000 board feet or less per acre will cause 
significant increases in net rainfall. The event of increase of tree 
reproduction and other vegetation will of course alter this relation. 
Net rainfall appears to vary in linear relation to the intensity of 
cutting. Tlio analysis indicates, however, tliat removal of undesirable 
trees, that is, the described timber-stand improvement work, resulted 
in no appreciable increase in net rainfall. Presumably variations 'in 
stand density tliat are not readily measurable obscure tbc effect of 
improvemcni cuttings. 

Regarding the experimental design and the statistical method 
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employed in the study described here, it is evident (1) that the design 
is satisfactory for measuring at least major treatment effects, and is 
very much more efficient than previously used methods of sampling; 
and (2) that in any samplitig of rainfall interception, maximum 
efficiency can be expected to result from taking two pairs of storm 
observations at each of a number of randomized sampling locations. 
The latter conclusion should, of course, be veritied by actual trial in 
any new experiment. 

For new studies it is recommended that sampling of n(‘t rainfall 
be designed to provide randomized measurements at a maximum 
number of locations with the least practicable number of storm 
observations—usually two—at each site. In any experiment meas¬ 
urements should be taken in two or more seasons, so as to obtain an 
estimate of the interaction of treatment with season. Unless the 
number of storms occurring in a single season mak(‘s it possible to 
sample rainfall at a number of locations sufficient to minimize 
sampling error, it may he desirable to use a new s(‘t of randomized 
sites for each season’s work. With this modification ajicl any others 
needed to fit local conditions or diflVrent sampling problems, the 
experimental design employed should prove satisfactory in other 
forest types. The general principles and t>roe(‘diire in the analysis 
of sampling errors may be applied also in other kiiuls ol sampling 
experiments. 
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